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  The nanopore membrane is a single conical-shaped pore in a solid glass 
or fused quartz membrane at the end of a capillary; it can be used to support a 
planar lipid bilayer for ion channel recordings with a reconstituted biological 
nanopore.  The work presented here explores the nature of the nanopore 
membrane and its influence on the suspended bilayer.  The nanopore membrane 
is then used for ion channel recordings with the protein ion channel α-hemolysin 
(α-HL) to detect single oxidative damage sites within a DNA sequence.   
Chemical modifications to the surface of the glass nanopore membrane 
with hydrophobic silanes (trimethylchlorosilane, n-butyldimethylchlorosilane, and 
n-octadecyldimethylchlorosilane) are explored to understand their influence on 
the pore wettability and the bilayer structure (seal resistance, voltage stability, 
and lifetime).  Further, fused quartz was used to fabricate fused quartz nanopore 
membranes (QNMs) and these were compared with the traditional soda lime 
glass membranes as bilayer supports.  The leakage current across the 
membrane was compared for fused quartz and soda lime glass capillaries.   
The structure of the suspended bilayer is investigated as a function of 
applied pressure across the orifice of a QNM using fluorescence microscopy.  Ion 
channel reconstitution within lipid bilayers suspended across nanopore 
membranes is a pressure-dependent process; a positive pressure must be 
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applied to the inside of the nanopore relative to the exterior for protein channel 
insertion to occur.   
Lastly, the nanopore membrane was used to perform ion channel 
recordings to detect the presence of a single oxidative damage site within a DNA 
sequence.  The kinetics of the DNA duplex unzipping process within the α-HL 
nanopore were monitored to determine the presence of a single DNA lesion, 8-
oxo-7,8-dihydroguanine (OG).   The presence of OG influences the duplex 
stability which is reflected in the unzipping event duration.  Additionally, the 
detection of a single oxidative damage site is examined using DNA 
immobilization experiments to determine the presence of the damage site based 
on the ion channel current.  A single OG site within a DNA strand is adducted 
with a larger molecule and held within the α-HL protein ion channel. The resultant 
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Ion channel recordings have gained a significant amount of attention in 
recent years as an analytical tool for the detection and characterization of 
particles, metal ions, and polymers, with strong focus applied toward the 
detection and sequencing of DNA.1-16   However, much of the effort on using ion 
channel recordings for DNA sequence analysis has been limited by the stability 
of the lipid bilayer/ion channel system and the speed at which DNA translocation 
occurs through an ion channel or solid state pore.   Often these measurements 
are performed with Delrin® cups or Teflon® membranes as the solid support for 
the planar bilayer, possessing orifices with radii on the order of tens to hundreds 
of microns.  The large orifice size makes it difficult to maintain the bilayer over 
extended periods of time due to its susceptibility to damage by applied voltage, 
pressure changes, and mechanical vibrations.  The glass nanopore membrane 
(GNM) is an alternative to these solid supports; it is composed of a glass 
membrane at the end of a capillary containing a single conical shaped orifice 
across which an artificial lipid bilayer can be suspended for protein channel 
reconstitution.    The smaller orifice dimensions (radii of 10-1000 nm) lend an 
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inherent stability to the bilayer, improving the lifetime (up to weeks), and 
minimizing the system capacitance through the reduction in bilayer area.17-19   
The work described herein is focused on two aspects of the nanopore 
membrane for ion channel recordings.  First, the surface and material properties 
of glass and fused quartz nanopore membranes and the suspended lipid bilayer 
are investigated with respect to optimizing this system for ion channel recordings. 
Second, two strategies are described for using the GNM with α-hemolysin (α-HL) 
ion channel proteins to detect the presence of single oxidative damage sites 
within a DNA sequence. 
Analytical ion channel recording experiments are performed by forming an 
artificial planar bilayer over the orifice of a hydrophobic solid support by 
depositing lipid solution (lipid molecules dispersed in an organic solvent) across 
the orifice and allowing the solution to thin to a bilayer.20-27  Once a bilayer is 
formed, a biological protein nanopore may be reconstituted or inserted into the 
bilayer, creating a passage through which ions and molecules may traverse.  
When a voltage is applied across the ion channel, the fluxes of electrolyte ions 
are controlled by the occupancy of the pore, which can be determined by 
monitoring the current to observe molecule capture or translocation.  As 
molecules enter the pore, the current flow decreases, and based on the 
geometry and character of the molecule, a unique current signature is produced. 
The selectivity of ion channels to different molecules and the ability to detect 




Within this principle lies the potential to perform DNA sequencing via ion 
channel recording measurements. As a DNA strand translocates through a 
protein channel, each base (adenine (A), thymine (T), cytosine (C), and guanine 
(G)) will produce a characteristic current signal. Much of the effort invested 
towards DNA sequencing and base identification has yielded limited progress as 
the current differences between bases are not readily resolvable during 
translocation.  However, in addition to the four native bases, a biological sample 
will possess biomarkers and damage sites, and any sequencing efforts will need 
to be able to recognize these modifications separately from A, T, C, and G.  
Aside from sequencing efforts, the ability to detect a damage site within a DNA 
sequence would have significant implications from a diagnostic and therapeutic 
standpoint.  The research presented in this thesis has resulted in two new 
strategies for identifying the oxidative damage site 8-oxo-7,8-dihydroguanine 
(OG) in DNA. 
While much molecular structural and analytical information can be 
obtained from the resultant ion channel recording current signal, there are also 
many inherent limitations to the technique.  These limitations include the fragile 
nature of the artificial bilayer and system capacitance.  These issues are 
addressed in Chapters 2, 3, and 4.  Chapter 2 examines the influence of the 
surface modification on the wettability of the GNM orifice, the bilayer resistance 
and stability, as well as the bilayer lifetime.  Chapter 3 addresses the use of 
fused quartz for the solid support material and compares the performance of 
quartz and traditional soda lime glass nanopores.  Chapter 4 examines the 
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structure of the suspended lipid bilayer as a function of pressure via fluorescence 
microscopy. 
Chapter 5 discusses the ability to locate a single oxidative damage site by 
monitoring the kinetics of a DNA duplex unzipping to translocate through the α-
HL channel.  Unzipping occurs because the diameter of the duplex is larger than 
the smallest region of the α-HL channel.  The rate of unzipping depends on the 
stability of the duplex,28-31 and the presence of a single oxidative damage site will 
change the overall stability in a unique manner based on the identity of the base 
pair formed, e.g.,  G:C vs OG:C or G:A vs. OG:A.  Specifically, a short probe 
sequence is designed to form a duplex with a region in a 65mer DNA sequence 
containing either a G or an OG, and the unzipping time is indicative of whether a 
G or OG is present. 
Chapter 6 explores the possibility of differentiating the current blockage 
signal generated by a DNA strand that has been immobilized within the α-HL 
channel to identify a DNA damage site relative to the current signal from the 
native bases A, T, C, and G.  When the residence time of the DNA molecule is 
increased within the α-HL channel, the current resolution is increased, making it 
possible to distinguish between bases and modified bases.32-38  Because A, T, C, 
G, and OG are of similar size, the differences in current blockage level will be 
small; the influence of generating a larger molecular adduct to the damage site is 
explored as a means to amplifying the difference in the current blockage level of 
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CHEMICAL MODIFICATION OF THE GLASS NANOPORE 
MEMBRANE SURFACE 
 
2.1 Introduction  
Ion channel recordings have a variety of applications for pharmaceutical 
development, medical diagnosis, analyte detection and characterization, and 
recently DNA sequencing and single-base damage detection.1-16  As a result of 
these widespread applications, new devices and system adaptations are being 
explored to improve the quality, reproducibility, and robustness of the 
measurement.  The glass nanopore membrane (GNM) is a sealed glass capillary 
with a conically shaped pore embedded within the glass membrane, 
schematically depicted in Figure 2.1.  The GNM was introduced as a bilayer 
support device as the orifice could be fabricated with dimensions as small as 10 
nm.17,18  This ability to fabricate small orifices, relative to traditional bilayer 
supports (r >50 µm), was found to be well suited for ion channel recordings as 
the small orifice improved the stability of the  bilayer, improved bilayer lifetimes, 
















Figure 2.1. (A) Schematic of the nanodisk electrode, (B) glass nanopore 
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The GNM is chemically modified with 3-cyanopropyldimethylchlorosilane 
(CMCS) to generate a surface with sufficient hydrophobicity to support a 
suspended bilayer, while maintaining the wettability towards aqueous solutions.  
The hydrophobic tails of the lipid molecules orient toward the silanized glass 
substrate forming a monolayer on the glass surface and zip together over the 
orifice to form a bilayer (Figure 2.1C).  With this system the bilayer is contained 
over the pore and limits the shunting current between the bilayer and 
support;19,25-27  Figure 2.1C displays a schematic of the bilayer structure for a 
GNM with a CMCS surface modification.   
This work examines how the properties of the bilayer depend on the 
hydrophobicity of the silane used for surface modification.  Specifically, 
trimethylchlorosilane (TMCS), n-butyldimethylchlorosilane (BMCS), and n-
octadecyldimethylchlorosilane (C-18) were used to modify the GNM surface prior 
to bilayer formation.  The different surface modifications were first characterized 
via contact angle measurements, demonstrating that these silanes form nearly 
complete monolayers on glass within 1-2 hrs.  The smallest GNM wetting radius 
was determined for CMCS and BMCS, using GNMs of known orifice radius 
dimensions.  While the traditional CMCS modification did not inhibit pore wetting 
for the smallest orifices (r < 10 nm), the more hydrophobic BMCS did not allow 
wetting of pores with r less than ~100 nm.  The reaction kinetics for surface 
silanization of the conically shaped GNM pore were determined indirectly through 
bilayer resistance measurements, and found to be similar to those for the planar 





the hydrophobic silanes resulting in slightly higher resistive bilayers.  Finally, 
measurements were performed to determine the bilayer voltage stability and 
bilayer lifetimes among CMCS, TMCS, BMCS, and C-18 modified GNMs.  
Although no significant differences in voltage stability and lifetime exist between 
the CMCS and the hydrophobic silane modifications, the BMCS functionalization 
resulted in bilayers with significantly greater stability against pressure 
fluctuations.  Increased bilayer resistance also indicates an improved bilayer-
substrate seal is achieved using more hydrophobic surface modifications.  
  
2.2 Experimental Section 
2.2.1 Chemicals and Materials 
All aqueous solutions were made with ultrapure water, having a resistivity 
of 18 MΩcm, from a Barnstead E-pure water purifier.  The following were used 
as received: KCl (Mallinckrodt), K2HPO4 (Mallinckrodt), KH2PO4 (Mallinckrodt), 
EDTA (Mallinckrodt), trizma base (Sigma-Aldrich), decane (Fisher Scientific), and 
toluene (Fisher Scientific).  A buffered electrolyte solution of 1.0 M KCl, 30 mM 
Tris, and 10 mM EDTA was prepared and adjusted to pH 8, and used for all 
electrical measurements.  The phospholipid 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) was obtained dispersed in chloroform from Avanti 
Polar Lipids, and was stored at -20 °C.  3-cyanopropyldimethylchlorosilane 
(Cl(CH3)2Si(CH2)3CN),  trimethylchlorosilane (ClSi(CH3)), n-butyldimethyl-
chlorosilane (Cl(CH3)2Si(CH2)3CH3), and n-octadecyldimethylchlorosilane 





Fisher Scientific HPLC grade acetonitrile was stored with a 3Å molecular sieve.  
Ferrocene (Alfa Aesar) and tetra-n-butylammonium hexafluorophosphate 
(TBAPF6, Sigma-Aldrich) were used as received to prepare a 5 mM ferrocene 
and 0.2 M TBAPF6 acetonitrile solution for nanodisk electrode size 
characterization.  Soda lime glass slides were obtained from Corning and 
cleaned in 0.1M HNO3 (EMD Chemicals Inc.) prior to use.  The protein ion 
channel α-hemolysin (α-HL) was purchased from Sigma-Aldrich as a monomer, 
excreted by Staphylococcus aureus, in the form of a lyophilized powder.  When 
received, the α-HL was dissolved in ultrapure water at a concentration of 0.6 mg 
protein per mL and stored at -80 ˚C (when not in use).  When in use, α-HL was 
diluted to the desired concentration using the buffered electrolyte solution and 
stored at 4 °C.  Heptakis (2,3-di-O-acetyl-6-O-sulfo)-β-cyclodextrin heptasodium 
salt (s7βCD) was purchased from Sigma-Aldrich and used at a concentration of 
50 µM in the buffered electrolyte solution.  Ag/AgCl electrodes were prepared by 
soaking clean silver wire (0.25 mm and 0.5 mm, Alfa Aesar) in Chlorox bleach for 
approximately 15 min and rinsing thoroughly with ultrapure water. 
 
2.2.2 Glass Nanopore Membrane Fabrication 
The fabrication of the GNM has been previously detailed,17,18 and is briefly 
described here.  A Pt wire (25 µm diameter) was electrochemically sharpened 
and sealed into the glass membrane of a sealed soda lime glass capillary, 25-75 
µm deep, with an H2 flame.  The excess glass was removed with polishing until 





monitored with an in-house feedback circuit.  After exposure, the Pt was 
electrochemically etched back from the pore opening and the Pt wire was 
manually pulled from the glass membrane, resulting in a glass nanopore 
membrane (GNM).  The radius of the nanodisk electrode and radius of the GNM 
pore were characterized by electrochemical and conductance measurements 
with a resulting error of ~10%;19,25 this size characterization process is described 
in more detail below. 
After fabrication, the GNM was chemically modified to increase the 
hydrophobicity of the glass surface.19,25  The GNM was soaked in 0.1 M HNO3 for 
approximately 10 min, after which it was rinsed thoroughly with ultrapure water, 
ethanol, and acetonitrile.  A 2% (V:V) silane in acetonitrile solution was used for 
surface modifications employing CMCS, TMCS, and BMCS.  For the C-18 silane, 
a 0.122 M solution of C-18 in toluene was used.  Additionally, GNMs modified 
with CMCS were also modified in a 2% (V:V) solution using both toluene and a 
1:1 acetonitrile/toluene mixed solvent.  Silane solutions were used to initially 
rinse the GNM.  The GNM was then filled with the same silane solution, and left 
to soak for periods of up to 3 days.  All silanization reactions were performed at 
room temperature.  After silanization, the GNM was rinsed with acetonitrile, 
ethanol, and ultrapure water.  Each GNM was stored in ethanol, and rinsed 







2.2.3 Electrical Measurements 
Electronic measurements were recorded using a PC interfaced with a 
Dagan Corporation CHEM-CLMAP Voltammeter/Amperometer Voltage Clamp 
Amplifier and a Pine Instrument Company RDE4 Analog Bipotentiostat.  A 
LabVIEW 8.2 (National Instruments) program, written in house, was used to 
record current-voltage (i-V) and current-time (i-t) traces.  One Ag/AgCl (0.25 mm 
diameter) electrode was placed inside the GNM via a Dagan Corporation pipette 
holder and a second Ag/AgCl electrode (0.5 mm diameter) was placed outside of 
the GNM in the external cell solution; a voltage was applied between the 
electrodes from the inside of the GNM with respect to the outside solution.   
The DPhPC lipid was dried with a nitrogen stream and re-dispersed in 1 
mL decane to produce a 10mg DPhPC per mL decane lipid solution.  A second 
lipid solution was formed by dispersing the dried lipid in 2 mL of solvent (1:1 
decane/hexane) resulting in a 5mg DPhPC  per mL lipid solution.  Lipid solutions 
were stored at -20 °C when not in use. 
 Two methods of forming bilayers were studied: painting the bilayer and a 
“tip-dip” procedure.  In both methods, the GNM was filled with buffered electrolyte 
and the orifice was submerged in a cell of the electrolyte.  A painted bilayer 
refers to a bilayer formed by gently sweeping a pipette tip (#02-707-81, 
Fisherbrand) filled with lipid solution across the orifice of the submerged GNM.28-
30  The tip-dip bilayer is formed by passing the GNM pore through a lipid/aqueous 
interface twice; the GNM starts beneath the solution surface, lipid solution is 





solution (depositing a monolayer), then re-submerged (forming a bilayer).31,32  
Bilayer formation, for both painting and tip-dip, was continuously monitored via 
the GNM orifice resistance.  An open GNM displays a resistance of ~10 MΩ, 
while one modified with a suspended bilayer has a resistance of ~100 GΩ.19  
Once a bilayer was formed, pressure was used to thin the bilayer for α-HL 
channel reconstitution.19,33  The Dagan pipette holder described above is used to 
seal the back end of the GNM, allowing for pressure (0-360 mmHg) to be applied 
to the inside of the GNM with respect to the external solution.  The pipette holder 
is connected to a pressure line and syringe, and the applied pressure is 
monitored using a sphygmomanometer pressure gauge.  
 
2.2.4 Contact Angle Measurements 
Soda lime glass microscope slides were first cleaned in 0.1 M HNO3 for 
~10 min.  After soaking, the slides were rinsed with ultrapure water, ethanol, and 
acetonitrile, followed by rinsing with the silane solutions as described above.  The 
slides were soaked in the silane solution for a specified interval of time, for 
periods ranging up to 3 days. After silanization, the slides were rinsed with 
acetonitrile, ethanol, and ultrapure water, and then dried with a nitrogen stream.  
Contact angles of 2 µL drops of ultrapure water placed on the microscope slide 
surface were measured by photographing the drop within five seconds of placing 
the drops on the surface.  A minimum of three drops were measured for each 
reaction time.  Photographs were taken with a Panasonic FZ18 camera and 





receding angle measurements were not performed.  All steps and measurements 
were performed at room temperature. 
 
2.2.5 Smallest Wetting Radius 
GNMs were fabricated as described above, and size characterization was 
performed as previously described.18,19,25  Upon formation of the Pt nanodisk 
electrode (Figure 2.1A), the radius of the disk was electrochemically determined 
by monitoring the limiting steady-state current for the oxidation of 5 mM ferrocene 
at room temperature using a scan rate of 50 mV/s.  The relationship between the 
limiting current, id, and the orifice radius, r, is given by eq. (2.1),
18,34  
 
  id = 4nFDC * r  (2.1) 
 
where n is the number of electrons transferred per molecule, F is Faraday’s 
constant, D is the diffusion coefficient for ferrocene in acetonitrile (2.5 x 10-5 
cm2s-1), and C* is the bulk concentration of ferrocene (5 mM).  After removing the 
Pt, the radius of the unmodified glass nanopore membrane (Figure 2.1B) was 
determined by measuring the resistance of the orifice in a 1 M KCl solution, by 
scanning the applied voltage between -100 and +100 mV at 50 mV/s.  The orifice 























where κ is the solution conductivity and θ is the cone angle of the nanopore.  
Taking θ to be ~10° and κbulk = 0.1119 Ω-1cm-1 at 25 oC allows simplification of 







  (2.3) 
 
Finally, the GNM was silanized as described above and the nanopore orifice 
radius was measured in 1 M KCl using eq. (2.3). 
 
2.2.6 Bilayer Resistance Measurements 
The GNM was filled with the buffered electrolyte solution containing 0.75 
µM α-HL.  Once a bilayer was formed across the orifice of the GNM, an i-V trace 
was obtained by scanning the voltage from -100 to +100 mV at 50 mVs-1.  A 
continuous trace was recorded for the bilayer until α-HL reconstitution was 
observed, while applying ≥20 mmHg to the nanopore interior with respect to the 
external solution.  From the measured i-V trace prior to α-HL reconstitution, the 
resistance of the bilayer was calculated through Ohm’s Law.  Bilayers that did not 
exhibit α-HL insertion were not considered functional bilayers and were excluded 
from analysis.  Bilayer resistance measurements were performed for GNMs 
functionalized with CMCS, TMCS, BMCS, and C-18, having radii ranging from 
500 nm to 1.5 µm.  Bilayer resistance measurements were also performed for 





3 days.  All resistance measurements were performed at room temperature and 
a minimum of five bilayer resistances were measured for each GNM. 
 
2.2.7 Bilayer Voltage Stability Measurements 
As above, the GNM was filled with the buffered electrolyte solution 
containing 0.75 µM α-HL.   Upon bilayer formation, a pressure of approximately 
20 mmHg was applied to the inside of the GNM with respect to the external 
solution.  A i-V trace was obtained for applying an increasing voltage from 0 to 2 
V at 50 mV/s.  Upon bilayer rupture, a sudden increase in current indicates an 
open pore; the voltage at which this open pore current occurred is considered to 
be the bilayer rupture voltage.  The typical rupture voltage for a GNM treated with 
CMCS is ~800 mV.19  This experiment was performed for GNM with sizes 
ranging from 300 nm to 1.5 µm.  A minimum of five rupture voltages were 
obtained for each pore size and each surface modification.  Experiments were 
conducted at room temperature. 
 
2.2.8 Bilayer Lifetime Measurements 
The influence of surface hydrophobicity on the suspended bilayer lifetime, 
for CMCS, BMCS, and C-18 surface modifications, was monitored for bilayers 
exhibiting both protein insertion and s7βCD detection.  In these experiments, 
bilayers were formed using only the painting method with 10 mg DPhPC per mL 
decane.  α-HL protein channel insertion was achieved with applied pressure ≥20 





reconstituted into the bilayer, an i-t trace was recorded to measure the bilayer 
lifetime.  The bilayer lifetime was measured until spontaneous rupture. The 
bilayer was intentionally ruptured by applying 2 V if the lifetime exceeded 12 hrs. 
 
2.3 Results and Discussion 
2.3.1 Contact Angles   
Contact angle measurements were used to monitor the formation of the 
silane monolayers. Figures 2.2A-2E show example contact angle images for 
unmodified glass, CMCS, TMCS, BMDS, and C-18 functionalizations. The water 
contact angles after 3-day silanization periods were as follows: 56 ± 1° for CMCS 
(reacted from acetonitrile), 86 ± 3° for TMCS (from acetonitrile), 93 ± 1° for 
BMCS (from acetonitrile), 95 ± 2° for C-18 (from toluene), 64 ± 3° for CMCS 
(from toluene), and 60 ± 4° for CMCS (from 1:1 acetonitrile/toluene).  Untreated 
soda lime glass is hydrophilic and has a contact angle of ~16°.  These results 
show that the silanization reaction proceeds well under moderate reaction 
conditions as hydrophobic surface modifications generally produce contact 
angles ranging from 80° to 110°.36-39   
The kinetics of surface silanization were examined as a function of the 
reaction time (Figure 2.2F).  Under the reaction conditions used here, the 
silanization reaction is essentially complete within a few hours.  The more linear 














Figure 2.2. Contact angle images for (A) unmodified soda lime glass, (B) CMCS, 
(C) TMCS, (D) BMCS, and (E) C-18, modified soda lime glass (2 µL drop of ultra 
pure water).  (F) Plot of the water contact angle as a function of silanization 
reaction time for reactions performed in either acetonitrile, toluene, or a mixture, 
for CMCS in acetonitrile (black), TMCS in acetonitrile (green), BMCS in 
acetonitrile (blue), C-18 in toluene (purple), CMCS in toluene (orange), and 
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branched TMCS, which is expected as the branched methyl groups likely inhibit 
the formation of a dense monolayer.38  CMCS in toluene reacted faster than 
CMCS in acetonitrile.  The contact angle measurements demonstrate that only a 
few hours are needed to deposit a fully formed silane monolayer. 
 
2.3.2 Smallest Wetting Radius 
Initially, the CMCS surface functionalization was used as it provides an 
intermediate hydrophobicity and does not prevent wetting of the GNM pore, while 
allowing the formation of a suspended bilayer.19  The smallest wetting GNM 
radius was determined for the more hydrophobic BMCS modification.  GNMs 
were fabricated while monitoring the orifice size throughout the fabrication 
process as described above, for the nanodisk electrode, unmodified GNM orifice, 
and functionalized GNM orifice. 
Figure 2.3 shows a comparison of the wetting characteristics of CMCS 
and BMCS-modified GNMs. A nanodisk electrode with an electroactive ~7 nm 
radius Pt disk was used for the CMCS surface modification.  Once the Pt was 
removed, the GNM orifice radius was measured to be ~7 nm by a conductance 
measurement.  After surface modification with CMCS, the orifice radius was 
reduced to be ~3 nm.  These results demonstrate that the CMCS modification, 
with its intermediate hydrophobicity, does not prevent the wetting of GNM pores 
for the very smallest orifices (<10 nm), which is essential as all GNM based 
measurements depend on the ability to conduct ion current through the 












Figure 2.3. (A), (B), (C) Size characterization results for the fabrication of a 7-nm 
radius GNM using the CMCS modification, and (D), (E), and (F) characterization 
i-V traces for the fabrication of a 55-nm radius GNM for the BMCS modification.  
(A) and (D) show electrochemical i-V traces corresponding to the oxidation of 5 
mM ferrocene in acetonitrile. (B) and (E) show conductivity i-V traces for a 7 nm 
nanopore membrane and a 55 nm nanopore membrane, respectively, in 1 M KCl.  
(C) shows a conductivity i-V trace for a CMCS modified nanopore membrane 
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modification, as demonstrated with the contact angle measurements described 
above.  A nanodisk electrode of ~55 nm radius was employed.  When the Pt wire 
was removed, the orifice radius remained ~55 nm.  However, when the GNM was 
functionalized with the BMCS silane, the pore would not wet as demonstrated 
with the reduced conductance in 1 M KCl; the BMCS functionalized pore showed 
a resistance of 4 GΩ corresponding to a non-physical ~0.04 nm radius based on 
eq. (2.3).  In general, BMCS functionalized pores could not be reproducibly 
wetted for r < 100 nm.  Although hydrophobic silanes inhibit the wetting of small 
GNMs, they do not place a limit on the GNM orifice size for ion channel 
recordings, as these measurements are typically performed with orifices greater 
than 100 nm. 
 
2.3.3 Bilayer Resistance Measurements 
We previously demonstrated that when an unmodified GNM is used as a 
bilayer support, the hydrophilic nature of the glass causes the lipid solution to 
form a spanning bilayer over the GNM surface, with the polar lipid head groups 
oriented towards the glass surface.  An aqueous layer is present between the 
lipid molecules and the support surface resulting in a bilayer-substrate seal of ~7 
GΩ.25  Chemical modification of the GNM with CMCS generates a surface of 
intermediate hydrophobicity, resulting in the formation of lipid monolayer with the 
lipid tails oriented toward the surface.  This lipid orientation produces a bilayer 
suspended over the orifice with a bilayer-substrate seal of ~100 GΩ  using 





results, it seems plausible that more hydrophobic surfaces will yield a stronger 
association between the lipid molecules and the support.   
The resistance of the bilayer-substrate seal was measured for CMCS, 
TMCS, BMCS, and C-18 functionalized GNMs following bilayer formation via the 
painting method.  GNMs with radii of ~500 nm were silanized for 3 days.  The 
final bilayer-substrate resistances were as follows: 54 ± 16 GΩ for CMCS 
(reacted from acetonitrile), 148 ± 14 GΩ for TMCS (from acetonitrile), 165 ± 32 
GΩ for BMCS (from acetonitrile), 101 ± 46 GΩ for C-18 (from toluene), 104 ± 45 
GΩ for CMCS (from toluene), and 217 ± 40 GΩ for CMCS (from 1:1 
acetonitrile/toluene).  Generally, the bilayer resistance for the hydrophobic 
silanes was greater compared with CMCS, with the exception of the C-18 
modification.  Silanization reactions using toluene as a solvent produced less 
resistant bilayers relative to  modification using acetonitrile as the solvent.  We 
note that the C-18 modification yielded GNMs that had inconsistent wetting and 
functional bilayer formation.  To examine whether this was due to the surface 
hydrophobicity or the use of the alternate reaction solvent toluene (C-18 does not 
dissolve in acetonitrile), the CMCS reaction was performed using toluene and 1:1 
mixtures of acetonitrile/toluene.  The CMCS modification in toluene and in 1:1 
acetonitrile/toluene exhibited similar wetting and bilayer formation issues as for 
C-18.  This indicated that there was an issue using toluene as the solvent and 
use of nonpolar solvents was discontinued after these preliminary 





The influence of reaction kinetics for surface silanization of conical GNM 
pores was examined over shorter reaction periods.  Figure 2.4A shows the 
bilayer resistance as a function of the silanization reaction time.  The time period 
required to form a resistive bilayer seal at the GNM correlated well with the 
development of the contact angles measured on planar microscope slides, and 
indicates that silanization only needs to be carried out over a few hours to form a 
bilayer with a giga-ohm seal resistance.  Additionally, the results demonstrate 
that the measured bilayer resistance also correlates with the surface 
hydrophobicity.   The resistance measurements were extended to GNMs with 
radii of 500 nm and 1500 nm after 3 days of silanization; the results shown in 
Figure 2.4B indicate that more hydrophobic silane modifications yield suspended 
bilayers with larger seal resistances.   
As a final study of the bilayer resistance as a function of surface 
hydrophobicity, the bilayer resistance was measured for bilayer formed via tip-dip 
and lipid solutions with different solvents.  Figure 2.5 compares the bilayer seal 
resistance for CMCS, TMCS, and BMCS modified GNM suspended bilayers 
formed by the painting and tip-dip methods, using either 10 mg DPhPC per mL 
decane or 5 mg DPhPC per mL (1:1 decane/hexane).  In general, bilayers 
formed by the tip-dip method and/or using the less concentrated lipid solution 
displayed lower seal resistances in comparison to bilayers formed through 
painting and using 10 mg DPhPC per mL decane.  Among these bilayers, those 
supported on the more hydrophobic surface (treated with TMCS and BMCS) had 















Figure 2.4. (A) Measured DPhPC bilayer resistance as a function of GNM 
silanization reaction time for CMCS (solid line), TMCS (dashed line), and BMCS 
(dotted line) modified GNMs.   All pores have radii of ~1.5 µm. (B) Measured 
bilayer resistance for a DPhPC bilayer suspended over  ~500 nm and ~1.5 µm 
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Figure 2.5. Measured DPhPC bilayer resistance for both painting and tip-dip 
methods of preparing bilayers in combination with lipid solutions containing 10 
mg DPhPC per mL decane or 5 mg DPhPC per mL (1:1 decane/hexane), 
abbreviated 1D:1H, for CMCS (back), TMCS (dark grey), and BMCS (light gray) 


























• CMCS (in ACN) 
• TMCS (in ACN) 

















2.3.4 Bilayer Voltage Stability Measurements 
The rupture voltage of bilayers formed on modified GNMs was compared 
as a measure of the bilayer stability.  Figure 2.6 summarizes rupture voltage 
values for ~300-, ~500-, and ~1500-nm radius GNMs modified for 3 days using 
CMCS, TMCS, and BMCS.  The average rupture voltages were as follows for 
~500 nm orifice GNMs: 565 ± 254 mV for CMCS (reacted in acetonitrile), 888 ± 
182 mV for TMCS (from acetonitrile), 848 ± 325 mV for BMCS (from acetonitrile), 
517 ± 280 mV for C-18 (from toluene), 545 ± 190 mV for CMCS (from toluene), 
and 692 ± 327 mV for CMCS (from 1:1 acetonitrile/toluene).  No significant 
improvement of rupture voltage was found using the more hydrophobic silanes. 
 
2.3.5 Bilayer Lifetime Measurements 
An advantage of the GNM is the ability to reproducibly form long-lived 
bilayers.19  Bilayer lifetimes were measured here for CMCS, BMCS, and C-18 
functionalized GNMs to determine and compare the frequency for which bilayers 
can be formed.  The operative pressure range for α-HL reconstitution was also 
investigated.  Of 45 bilayers prepared on CMCS functionalized GNMs (radii 
ranging from 500-1000 nm), 27 had lifetimes ≥12 hrs and 20% had lifetimes of 1-
12 hrs. Additionally, bilayers formed on CMCS modified GNMs had a functional 
pressure range of 20-180 mmHg.  The BMCS functionalized GNMs, with radii 
ranging from 700-1000 nm, resulted in 14% of bilayers (21 bilayers total) having 
lifetimes exceeding 12 hrs and 20% with lifetimes of 1-12 hrs, and required a 













Figure 2.6. Rupture voltage for painted (with 10 mg DPhPC per mL decane) 
bilayers as a function of GNM pore size for CMCS (black), TMCS (dark grey), 
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α-HL reconstitution.  The C-18 modified GNMs produce long-lived bilayers for ~ 
25% of the bilayers formed (8 bilayers total), 13% with lifetimes of 1-12 hrs, and 
had protein insertion occur for a narrower applied pressure range (20-90 mmHg) 
for pores with radii ranging from 600-1000 nm.  The lower pressure range and 
the lack of bilayers with intermediate lifetime length is consistent with the bilayer 
resistance measurements where it was determined that the C-18 
functionalization resulted in a higher rate of bilayer failure.  Overall, the lifetime 
measurements are similar between the different silanes, consistent with the 
bilayer resistance and rupture voltage measurements. 
 
2.4 Conclusions 
 The more hydrophobic silanes TMCS and BMCS were found to be useful 
modifications for GNM supported bilayers.  Increased surface hydrophobicity 
appears to improve the seal between the bilayer and the substrate, as seen from 
the measured increase in bilayer resistance.  However, the overall bilayer 
stability does not improve significantly with the increased hydrophobicity as 
measured by the rupture voltage and lifetime measurements.  Interestingly, while 
hydrophobic modifications inhibit the wetting ability of the pore for orifices with 
radii < 100 nm, the CMCS modification will continue to allow the pore to wet for r 
< 10nm.  The CMCS modification may have applications for solid-state nanopore 
measurements where very small orifices with intermediate hydrophobic character 
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QUARTZ NANOPORE MEMBRANES FOR SUSPENDED 
BILAYER ION CHANNEL RECORDINGS 
 
3.1 Introduction 
This paper describes the fabrication of fused quartz nanopore membranes 
(QNM) for ion-channel recordings.  Ion channel recordings using synthetic lipid 
bilayers are of growing interest in the development of stochastic biosensors and 
biopolymer characterization, in addition to their long-standing use in 
electrophysiology studies.1-6  In these measurements, a lipid bilayer is suspended 
across a 10 to 100 µm-diameter opening in a polymer membrane, e.g.  Teflon, 
and an ion channel (or multiple channels) is inserted or reconstituted in the 
bilayer.  Ion channel recordings using lipid bilayers suspended across the orifice 
of a single conical-shaped nanopore prepared in an ~50 µm-thick membrane of 
soda-lime glass have been reported,7-10 including recent studies of the 
temperature-dependent diffusion of DNA within α-hemolysin ion channels.11  The 
small dimensions of the nanopore orifice in these glass nanopore membranes 





significantly increased voltage stability (breakdown at 0.8 V), and improved 
lifetime (days to weeks). In addition, the area of the bilayer suspended across the 
GNM orifice is ~100,000x smaller than the bilayer in traditional setups,7 virtually 
eliminating the bilayer capacitance in limiting the rate of data acquisition.12  The 
small bilayer area provides the advantage of limiting the number of protein 
insertions in the bilayer, simplifying the signal analysis in many applications.  
 Ion channel recording devices have been previously fabricated from fused 
quartz, with an emphasis on reducing the system capacitance, in addition to 
taking advantage of the favorable optical properties to combine ion channel 
recordings with spectroscopic measurements.  Some devices that have been 
made from fused quartz include cells,13 planar chips,14,15 patch pipettes,16,17 and 
nanochannels,18 all of which were developed to improve the insulation between 
the internal and external solutions and to increase signal to noise.  Fused quartz 
cells containing a 0.72 mm radius orifice exhibited bilayer-substrate seals of ~15 
GΩ.13,19  Planar glass chips, with pore radii ranging from sub-µm to µm 
dimensions, also resulted in giga-ohm bilayer-support seal resistances (~5 
GΩ).14,15  Fused quartz patch pipettes displayed bilayer-substrate seal 
resistances up to ~125 GΩ for orifices of micrometer dimensions.  These fused 
quartz devices are limited by low bilayer-substrate seal resistances and require 
intensive fabrication processes associated with working with fused quartz.20 
 Herein, we describe a bench-top fabrication procedure for QNMs with radii 
as small as 6 nm.  We demonstrate that nanopore membranes prepared from 





by the detection of single-stranded DNA (ssDNA)21-29 using α-hemolysin 
(α−HL)30-32 embedded in a bilayer suspended across the QNM orifice.  These 
structures, shown in Figure 3.1, have the further advantage of remarkably low 
electrical leakage currents, while maintaining the other favorable properties of 
GNMs.  The measured lipid bilayer seal resistances are immeasurably large (>1 
TΩ), providing significantly lower background currents than previously achieved.  
The “seal resistance” of lipid bilayers is a key metric in ion channel recordings, 
and is associated with leakage currents.  Possible sources of leakage current 
include ion transfer across the lipid bilayer, ion fluxes along the interface of the 
bilayer/support structure, and ionic conduction in the solid support structure.   In 
this work, we compare the performance of glass and fused quartz nanopore 
membranes (QNMs), and demonstrate that the leakage current using GNMs is 
solely due to Na+ conduction in the glass, resulting from a potential difference 
across the glass membrane, and similar to that occurring with glass pH 
electrodes. This ion flux limits the seal resistance in these devices to ~100 GΩ, a 
value comparable to seal resistances of large area bilayers suspended across 
orifices in conventional polymeric materials.   
 
3.2 Experimental Section 
3.2.1 Chemicals and Materials 
All aqueous solutions were prepared with >18 MΩcm water from a 
Barnstead E-pure water purifier.  NaOH, CaCl2, KCl, K2HPO4, KH2PO4, and 














Figure 3.1.  (A) Photograph of a QNM located at the sealed face of the capillary 
(left end). A Ag/AgCl electrode is inserted in the capillary.  (B) Schematic of the 
GNM or QNM (not to scale).  (C) Schematic drawing of a DPhPC bilayer 
suspended across the orifice of a QNM modified with 3-cyanopropyldimethyl-
















Aldrich) were used as received.  Buffered electrolyte solutions of either 1.0 M 
KCl, 30 mM Tris, and 10 mM EDTA (adjusted to pH 8) and 1.0 M KCl, 25mM 
PBS, and 1.0 mM EDTA (pH 7.0) were prepared from ultrapure water.  The 
phospholipid, 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC,  Avanti 
Polar Lipids) was dispersed in chloroform and stored at -20 °C.  3-
cyanopropyldimethylchlorosilane (Cl(CH3)2Si(CH2)3CN,  Gelest, Inc.) was used 
as received.  HPLC grade acetonitrile (CH3CN, Fisher Scientific) was stored over 
3 Å molecular sieves.  Soda lime glass (Corning, 2948-3x1) and fused quartz 
(Alfa Aesar, 42295) slides were cleaned in 0.1 M HNO3 (EMD) prior to use.  Soda 
lime glass capillaries were obtained from Dagan, Corp. (1.65 mm O.D., 0.75 mm 
I.D., Cat. # SB16).  Fused quartz capillaries were received from Sutter 
Instruments (1.65 mm O.D. and 1.15 mm I.D., cat. no. Q165-115-10).  Tungsten 
rods were obtained from FHC, Inc. and 0.025 mm W wire was purchased from 
Alfa Asear (#10405). The 400, 800, and 1200 grit paper disks, PSA backed 
microcloth, and Micropolish II 0.05 µm alumina particles were all from Buehler. 
α−HL (Sigma-Aldrich) was obtained as the monomer polypeptide, isolated 
from Staphylococcus aureus, in the form of a lyophilized powder and dissolved at 
a concentration of 0.6 mg protein/mL ultrapure water.  When not in use, the α−HL 
solution was stored at -80 ˚C.  During use, samples were diluted to the desired 
concentration using a buffered electrolyte solution and stored at 4 ˚C.  Single-
stranded poly-dA 20-mer and poly-dA 50-mer DNA sequences were obtained as 






3.2.2 Surface Modification and Contact Angle Measurements 
Soda lime glass and fused quartz microscope slides were cleaned in 0.1 
M HNO3 for approximately 10 min, after which slides were rinsed thoroughly with 
ultrapure water, followed by ethanol, CH3CN, and a 2% (v:v) CH3CN solution of 
3-cyanopropyldimethylchlorosilane. Slides were immersed overnight in the 3-
cyanopropyldimethylchlorosilane solution.  After silanization, the slides were 
rinsed with CH3CN, ethanol, and water.  Contact angles were measured by 
depositing a 2 µL drop of ultrapure water on the unmodified and modified 
surfaces and taking a photo of the drop within 5 s of placing the drop (to minimize 
evaporation), using a tripod-mounted Panasonic FZ18 camera at room 
temperature. Contact angle images were analyzed in Adobe Photoshop CS3. 
 
3.2.3 Nanopore Membrane Fabrication 
The fabrication of GNMs was previously published,33 and is very briefly 
described here.  A ~1 cm-length of a 25-µm diameter Pt wire is electrochemically 
sharpened in a 6 M NaCN and 0.1 M NaOH solution.  The wire is connected to a 
stiff tungsten (W) rod, and then sealed using a H2 flame to the softened end of a 
soda lime glass capillary.  Once cooled, the excess glass is polished away to 
expose a Pt disk; an electrical continuity circuit is used to determine when the Pt 
is exposed during polishing and indicate when the desired Pt disk radius has 
been achieved.   Once the desired disk radius has been attained, the sealed Pt 
wire is electrochemically removed by first etching the exposed Pt in a 20% (w:v) 





The orifice radius of the resulting conically shaped pore is determined by 
measuring the ohmic resistance of the pore in a 1 M KCl solution, as described 
below.  
QNM fabrication follows the above procedure with adaptations to 
accommodate the properties of fused quartz.  A 1 cm-long segment of W wire 
(0.025 mm diameter) was attached to a W rod via silver conducting paste and 
heated in an oven at approximately 150° C for 30 min.  The W wire was then 
electrochemically sharpened in 1.5 M NaOH solution with an applied voltage of 
10 VPP at 60 Hz using an Agilent 33220A 20 MHz Function, Arbitrary Waveform 
Generator.  The end of a fused quartz capillary was initially sealed with an H2/O2 
flame.  The sharpened W wire (~10o half-cone angle) was inserted into the 
capillary and positioned close to, but not touching, the sealed end of the capillary.  
The position of the W wire was visually confirmed with a microscope.  The 
capillary was heated a second time in the H2/O2 flame to seal the sharpened W 
wire in the fused quartz at a depth of 25-75 µm.  During the second heating, a 
vacuum was applied to the end of the capillary.  The bulk of the fused quartz 
membrane was polished away on 400, 800, and 1200 grit Buehler microcut 
paper disks.  Final polishing was on a Buehler PSA backed microcloth with 
Buehler Micropolish II 0.05µm alumina particles and a 1 M KCl solution.  
Exposure of the W disk was monitored with the continuity circuit as described 
above. Once the disk was exposed, the W wire within the pore was etched in 1.5 
M NaOH solution using an applied voltage of 10 VPP at 60 Hz. Etching was 





radius of the resulting conical shaped pore was then confirmed as described 
below. 
The surfaces of the GNM and QNM membranes are chemically modified 
with a 3-cyanopropyldimethylchlorosilane monolayer to produce a surface of 
intermediate hydrophobicity.   When depositing lipid on the surface for bilayer 
formation, this surface modification results in lipid monolayer formation on the 
glass and quartz surface and a lipid bilayer suspended across the small orifice of 
the membrane.  Before silanization, both the GNM and QNM were cleaned inside 
and out by filling and soaking the capillaries in 0.1 M HNO3 for approximately 10 
min. The pores were then thoroughly rinsed with ultrapure water, ethanol, 
CH3CN, and finally 2% (v:v) 3-cyanopropyldimethylchlorosilane in CH3CN.  The 
pores were then filled with the 2% silane solution and left for 24 hrs at room 
temperature, after which the pores were rinsed with CH3CN, ethanol, and 
ultrapure water.  Silanized GNMs and QNMs were stored in absolute ethanol.  
Before use, nanopore membranes were rinsed multiple times with ultrapure 
water.   
 
3.2.4 Sealed Membrane Fabrication 
Glass and quartz membranes without nanopores were prepared in order 
to determine the electrical properties of the membrane in the absence of a 
nanopore. The soda lime and fused quartz capillaries were sealed at one end 
using a H2 or H2/O2 flame.  The excess glass was removed through polishing as 





end of the capillary, as confirmed by optical microscopy.  The sealed capillary 
was cleaned in 0.1 M HNO3 for 10 min.  The capillaries were then silanized with 
3-cyanopropyldimethylchlorosilane and stored as described above. 
 
3.2.5 Electrical Measurements 
Current-time (i-t) and current-voltage (i-V) measurements were performed 
using a PC interfaced with a Dagan Corporation CHEM-CLMAP (Voltammeter 
and Amperometer Voltage Clamp Amplifier) and a Pine Instrument Company 
RDE4 Analog Bipotentiostat.  An in-house written LabVIEW 8.2 (National 
Instruments) program was used to record i-V and i-t traces.  Currents were 
measured between a Ag/AgCl electrode placed inside the GNM/QNM or sealed 
capillary, and a second Ag/AgCl electrode in the external solution.  The Ag/AgCl 
electrodes were prepared by soaking clean 0.25 and 0.5 mm diameter silver wire 
(Alfa Aesar) in bleach for approximately 30 min and then rinsing thoroughly with 
water.  
 
3.2.6 Bilayer Formation 
Suspended bilayers across the GNM or QNM orifice were created by the 
painting technique.34  Chloroform was evaporated from the 10 mg DPhPC lipid 
solution with a nitrogen stream, and 1 mL decane was added to re-disperse the 
lipid.  The GNM/QNM was filled with buffered electrolyte, submerged in a cell 
containing the same solution, and a voltage was applied across the orifice.  A 





decane was gently swabbed across the orifice of the GNM/QNM until a bilayer 
was formed. The pore conductance was monitored during bilayer formation; for a 
~500 nm radius orifice, the pore conductance decreases from ~10 MΩ to ~100 
GΩ  for GNMs and to >1TΩ for QNMs.  Successful reconstitution of properly 
functioning α−HL is used to determine if a true bilayer is formed.  When α−HL 
inserts into a properly formed bilayer there is a discrete increase in the 
conductance corresponding to the literature value of ~ 1 nS.35   
As detailed previously, a positive pressure across the membrane is 
required to reconstitute transmembrane proteins into a bilayer suspended across 
a conical-shaped pore.7  The pressure across the bilayer membrane was 
controlled by inserting the open end of the GNM or QNM into a pipette holder 
(DAGAN) that was connected to a 10-mL gas-tight syringe (Hamilton). The 
pressure was monitored continuously using a sphygmomanometer (pressure 
sensing range of -100 to 300 mmHg). All transmembrane pressures reported 
herein are referenced to the exterior (ambient) solution pressure. 
 
3.2.7 Single-Stranded DNA Translocation 
Solutions of poly-dA 20-mer and poly-dA 50-mer were diluted to a 
concentration of approximately 10 µM in a 1 M KCl, 25 mM PBS, and 1 M EDTA 
(pH 7) buffer.   The ssDNA and α−HL (approximate 30 nM) were placed in the 
external solution and the internal volume filled with buffered electrolyte.  The 
QNM/GNM was secured via a Dagan Corporation Pipette Holder.  At room 





formed, and pressure was applied to the inside of the capillary.  Following protein 
reconstitution, ssDNA translocation events were recorded at a sampling rate of 
150 kHz using a 10 kHz filter.  Data were analyzed with an in-house MATLAB 
program to determine mean translocation times. 
 
3.3 Results and Discussion 
3.3.1 Surface Modification and Contact Angle Measurements 
We previously reported that deposition of a monolayer of 3-
cyanopropyldimethylchlorosilane on the GNM surface confers sufficient 
hydrophobic character to the glass to allow deposition of a lipid monolayer with 
the hydrophobic tails oriented toward the glass surface; lipid bilayer formation 
spontaneously occurs on unmodified glass.7  At the same time, the 3-
cyanopropyldimethylchlorosilane monolayer is sufficiently hydrophilic to allow an 
aqueous solution to fill the nanopore.  The fusing of the two lipid monolayers from 
the internal and external surfaces creates a bilayer suspended over the nanopore 
orifice, Figure 3.1C.   Analogous to bilayers painted across holes in Teflon and 
other hydrophobic polymer membranes, we speculate that an annulus region 
containing the lipid painting solution (decane and lipid) exists adjacent to the 
nanopore circumference.36 
The suspended bilayer structure has two advantages over lipid bilayers 
that are simply supported over orifices in unmodified glass or quartz surfaces.37   
First, the fusing of the two monolayers reduces the leakage current in ion 





exists between the polar head groups of the lipids and the glass surface can act 
as an effective current shunt, greatly lowering the apparent bilayer seal 
resistance.37   Second, because the protein ion channels are functional only in a 
lipid bilayer (and not the lipid monolayer), the ion channel signal arises only from 
proteins inserted or reconstituted within the area defined by the GNM or QNM 
orifice.   
The schematic of the nanopore membrane presented in Figure 3.1 is 
meant to represent the system components and not the actual bilayer structure.  
Specifically, fluorescence microscopy has been used to study the effect of the 
pressure on the flatness of the suspended bilayer. Preliminary evidence suggests 
that the bilayer structure bulges slightly out from the orifice when pressure is 
applied for ion channel insertion; details are reported Chapter 4. 
 The contact angles of water on soda lime glass and quartz increased 
from ~16° and ~35°, respectively, to ~55° and ~57° after silanization with 3-
cyanopropyldimethylchlorosilane, in agreement with a previously reported 
contact angle value on silanized glass.7  The equivalent contact angles on glass 
and quartz following silanization suggest that silane monolayer formation is 
similar on both substrates.  Previous fluorescence microscopy and vibrational 
sum frequency spectroscopy demonstrate that a lipid monolayer forms on the 3-
cyanopropyldimethylchlorosilane modified glass surface with the lipid tails 
oriented towards the glass.7  Although analogous microscopy and spectroscopic 
studies of lipid monolayers have not been repeated on the modified quartz 





GNM and QNM in ion channel measurements, support orientation of the lipid tails 
towards the quartz surface. 
 
3.3.2 Bilayer Resistance Measurements  
Figure 3.2 shows i-V curves for a DPhPC bilayer suspended over the 
orifice of a GNM and QNM (both ~1000-nm-radius) immersed in a 1M KCl, 30 
mM Tris, 10 mM EDTA solution. The GNM/QNM was filled with 0.75 µM α−HL, 
1.0 M KCl, 30 mM Tris, and 10 mM EDTA (pH 8) and placed in a cell containing 
the same buffered electrolyte.  At room temperature, a voltage sweep was 
applied between the internal and external Ag/AgCl electrodes.  A lipid solution 
was painted across the orifice and then a pressure of 50-120 mmHg was applied 
to the internal solution for ion channel reconstitution.  Following bilayer formation, 
the i-V curves were recorded over the voltage range -100 to +100 mV at a scan 
rate of 50 mV/s. 
As shown in Figure 3.2, the GNM/DPhPC bilayer structure displayed 
leakage currents significantly larger than that of the QNM/DPhPC bilayer.  We 
speculated that the lower resistance of the GNM/DPhPC bilayer structure is due 
to Na+ transport through the soda lime glass, rather than leakage through the 
bilayer or the bilayer/substrate seal.  To test this hypothesis, we recorded the i-V 
response of GNMs and QNMs immersed to different depths in the aqueous 
electrolytes.   The linear i-V response, superimposed on the capacitive charging 
current, of the GNM/DPhPC bilayer yielded resistances of ~300 and ~120 GΩ for 















Figure 3.2.  i-V curves for a DPhPC bilayer suspended over the orifice of a GNM 
(~1000-nm-radius) immersed in a 1M KCl, 30 mM Tris, 10 mM EDTA solution to 
a depth of (A) ~5 mm and (B) ~1mm. i-V curves for a suspended bilayer on a 
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bilayer had measured bilayer resistances greater than or equal to 1 TΩ at both 
submersion depths.   
 
3.3.3 Solid Support Resistance Measurements 
The finding that the ohmic leakage current for the GNM/DPhPC bilayer is 
dependent upon the depth of immersion suggests that this current is not 
associated with leakage at the glass/bilayer interface.  To further test this 
conclusion, sealed GNM and QNMs, Figure 3.3, were prepared and silanized 
(i.e., membranes without a nanopore but otherwise identical to the above 
structures) and their i-V responses were measured in the 1M KCl, 30 mM Tris, 10 
mM EDTA solution.  Figure 3.4 shows i-V responses of the sealed GNM and 
QNM at immersion depths of 1 and 5 mm.   Similar to the GNM and QNM 
structures with suspended bilayers, the sealed soda lime glass capillary showed 
a resistance of approximately 290 GΩ at 1 mm submersion and 110 GΩ at 5 mm 
submersion, while the fused quartz sealed capillary had a resistance greater than 
or equal to 1 TΩ, independent of immersion depth. (The i-V response of the 
sealed QNMs are essentially identical to the open-circuit response, 
demonstrating the high impedance of the quartz membrane.) 
The above results unequivocally demonstrate that electrical conduction 
within the solid support determines the apparent leakage current in the ion 
channel measurements using GNMs.   Specifically, the low resistivity of soda 
lime glass is responsible for the lower measured resistance of the GNM system.  














Figure 3.3. Schematic of a sealed soda lime glass or fused quartz capillary 
functionalized with 3-cyanopropyldimethylchlorosilane, and the apparatus used to 
determine the resistance of the capillary walls and glass or fused quartz 








































Figure 3.4.  i-V curves for a sealed soda lime glass capillary immersed in a 1M 
KCl, 30 mM Tris, 10 mM EDTA solution to a depth of (A) ~5 mm and (B) ~1 mm.  
i-V curves for a sealed fused quartz capillary submerged to (C) ~1 mm and (D) 






























Soda Lime Glass, 
5 mm Depth 
-0.10 0.0 
Voltage (V) 
Fused Qua rtz, 






























Soda Lime Glass, 













Na2O, we speculate that this conduction is due to Na
+ hopping in the glass 
lattice.  More interesting, assuming that the area of the bilayer is equal to that of 
the orifice, the i-V measurements employing the QNM demonstrate that the 
electrical resistance of a ~3 µm2 DPhPC bilayer is greater than 1 TΩ (a similar 
value must also exist for the bilayer employing the GNM, as the immersion-depth 
support resistance is of the order of a few hundred GΩ).   We note that the 
measured seal resistance of the QNM/DPhPC bilayer presented here is 
significantly larger compared to largest literature values (<200 GΩ) for ion 
channel measurements in  lipid bilayers supported on quartz.13,14,16,17  We 
attribute this improvement to the suspended bilayer structure on the 3-
cyanopropyldimethylchlorosilane modified QNM, as opposed to supported 
bilayers in previously reported quartz devices.  
 
3.3.4 Bilayer Rupture Voltage Measurements 
 Voltage induced rupture of the bilayer was found to be ~800 mV at the 
QNM, similar to that reported for the GNM.  The similar values of rupture voltage 
suggest that the suspended bilayer structure is essentially independent of 
whether the membrane is made of glass or fused quartz. 
 
3.3.5 Single-Stranded DNA Translocation 
 Translocation of ssDNA through α−HL reconstituted in the QNM/DPhPC 















Figure 3.5.  Schematic drawing of the translocation of DNA through an α−HL 
channel reconstituted in a DPhPC bilayer suspended across the orifice of a QNM 












applicability of the QNM for ion channel recordings. A silanized QNM was placed 
in a solution containing 10 µM ss-DNA (either poly-dA 20-mer or poly-dA 50-
mer), 1 M KCl, 25 mM PBS, and 1 M EDTA (pH 7), and, as described above, a 
DPhPC bilayer was painted while applying a pressure of 60-120 mmHg. The 
internal solution of the QNM contained only the buffered electrolyte. Figure 3.6 
displays 10-s segments of i-t traces showing the translocation of poly-dA 20-mer 
and poly-dA 50-mer using a voltage of 100 mV to electrophoretically drive the 
oligomers through the ion channel. Observed translocation rates at 100 mV were 
~5 and 6 µs/base for the poly-dA 20-mer and poly-dA 50-mer, respectively, in 
agreement with previously reported values.28,  Similarly, full current blockades 
correspond to ~15% of the open channel value, in agreement with translocation 
of DNA through α−HL.  These results demonstrate that QNMs behave nearly 
identically to GNM in ion channel measurements.   
 
3.3.6 Small Orifice QNMs 
While QNMs with pore radii larger than 400 nm are most useful for 
creating suspended lipid bilayers, it is also possible to fabricate QNMs with much 
smaller orifices.  These smaller nanopore structures are potentially useful in 
other applications, e,g., detection of nanoparticles. Figure 3.7 shows i-V curves 
for 6, 60, 220, and 370-nm radius QNMs recorded in a 1 M KCl solution.  The 
resistance of a truncated conical-shaped pore comprises the internal resistance 
of the pore (Rin) and the external resistance that spreads radially outward from 













Figure 3 6. i-t traces corresponding to the translocation of (A) poly-dA 20-mer 
and (B) poly-dA 50-mer through the α−HL channel.  The solution contained 1 M 
KCl, 25 mM PBS, and 1 M EDTA. The DNA was present on the cis side of the 
membrane at a concentration of 10 µM. The open channel current is ~110 pA.  
The upward deflection in current corresponds to the translocation of a single 
DNA molecule.  The inserts show expanded i-t traces for single DNA 
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lengths much greater than the orifice radius, the resistance is a function of only r1 
and θ, eq. (3.1). 
 
  














  (3.1) 
 
In a 1 M KCl solution (κbulk = 0.1119 Ω-1cm-1 at 25 oC)38 and assuming θ ~ 10o 
(estimated by optical microscopy from the shape of the sharpened W wire used 
to template the pore), eq. (3.1) can be simplified to yield the pore orifice radius r1 





  1 =     (3.2) 
 
Eq. (3.2) was used to estimate the pore radii corresponding to the i-V curves in 
Figure 3.7.  While there is some uncertainty in these values, the electrical 




 We have demonstrated that nanopore membranes with orifice radii as 
small as 10 nm can be fabricated in 25 to 75 µm-thick fused quartz membranes 
using a relatively simple bench-top fabrication method.   Suspended bilayers can 





resistance of the quartz/bilayer seals are > 1TΩ for 1000 nm-radius orifice 
nanopores.   This high-resistance seal in combination with the low conductivity of 
fused quartz results in immeasurably small background currents when using 
QNMs for ion channel recordings.  Additionally, it has been suggested that using 
a quartz support may improve the signal-to-noise during ion channel recordings 
due to the low high-frequency capacitance of quartz,14-17 allowing faster data 
acquisition rates required in biopolymer translocation analysis and detection of 
rapid single molecule binding events.   Although the 10 kHz filtering of the 
electrical signal in the current study does not allow high bandwidth analysis, this 
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FLUORESCENCE MICROSCOPY OF THE PRESSURE- 
DEPENDENT STRUCTURE OF LIPID BILAYERS 
SUSPENDED ACROSS CONICAL NANOPORES 
 
4.1 Introduction 
Ion channel recordings have gained much attention in recent years for 
single-molecule detection, drug screening, and DNA sequencing, in addition to 
traditional investigations of fundamental biophysical phenomena.1-15  
Consequently, focus has been brought to the development of solid supports for 
suspended lipid bilayer membranes.  In recent reports, we have described the 
fabrication and application of glass and fused quartz nanopore membranes 
(GNM and QNM, respectively) for ion channel recordings.16-21  The GNM/QNM 
contains a single, conically shaped nanopore embedded within an ~50 µm-thick 
membrane at the end of a glass or fused quartz capillary.  A lipid bilayer can be 
suspended across the orifice following modification of the glass or quartz surface 
with 3-cyanopropyldimethylchlorosilane to impart an intermediate hydrophobic 
surface character.  The assumed structure of the lipid bilayer membrane across 





GNMs and QNMs display exceptional stability and long lifetimes due to the 
reduced area of the bilayer (~1 µm2 for a typical 500 nm-radius nanopore 
orifice).20-22  In addition, the reduced bilayer area minimizes the bilayer 
capacitance which can limit high-frequency data acquisition. 
Ion-channel activity using GNMs and QNMS is only observed with the 
application of a small positive pressure (<100 mmHg) across the membrane, 
from the nanopore interior relative to the exterior bulk solution, and is observed 
as a discrete increase in current due to protein reconstitution within the bilayer 
(α-HL has a conductance of ~1 nS in 1 M KCl23). This activity can be reversed by 
removing the pressure, or by applying a small negative pressure.20  The pressure 
controlled channel activity is observed regardless of whether the protein is in the 
solution inside the capillary or in the external bulk solution, and can be repeatedly 
turned on and off as the applied pressure is varied between positive and negative 
pressures, respectively.  Figure 4.1B shows an example current-time (i-t) trace of 
α-hemolysin (α−HL) ion channel activity as a function of applied pressure.  This 
unique ability to control ion channel activity indicates a dynamic pressure-
dependent bilayer structure.  To our knowledge, the nanopore membrane is the 
only ion channel support for which pressure can be used to reversibly control ion 
channel activity.   
 When a solution of lipid molecules dispersed in an organic solvent is 
spread across a large circular opening (≥ 50 µm-radius) in a hydrophobic solid  












Figure 4.1. (A) Cross-sectional schematic (not drawn to scale) of an α−HL pore 
embedded in a bilayer suspended across the orifice of a QNM.  (B) Example i-t 
trace showing the pressure-controlled α−HL activity in a solution containing 1 M 
KCl, 30 mM Tris-HCl, 10 mM EDTA (pH 7.4), and 3 µM α−HL.   The step 
increases in current correspond to individual α−HL pores when a positive applied 
pressure, +P, of 50 mmHg (internal nanopore solution vs. external solution) is 
applied across the lipid bilayer; α−HL pore activity disappears when the pressure 
is either removed or reversed (-P). i-t data were collected at an applied voltage of 
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will spontaneously form across the opening as a means to reach the lowest free 
energy state.24  This suspended bilayer structure is described as possessing a 
region of bulk lipid solution around the perimeter of the lipid bilayer, adjacent to 
the walls of the circular opening, which is defined as the annulus, torus, or 
Plateau-Gibbs border.25-28  The annulus region contains organic solvent and 
excess lipid molecules, which are organized into inverse micelles.28  The bilayer 
is suspended across the orifice and is connected to the solid support via the 
annulus.  The spontaneous thinning of the lipid solution into a lipid bilayer is due 
to (i) the curvature-induced pressure driven flow of the bulk lipid solution into the 
Plateau-Gibbs border, (ii) van der Waals interactions between the aqueous 
phases separated by the bilayer, and (iii) van der Waals interactions between the 
hydrocarbon chains of the lipid molecules.25-28  Additionally, when a voltage is 
applied across the lipid structure, the electric field aids in thinning.26-28 
The orifice cross-sectional areas of GNMs and QNMs are ~2 to 3 orders of 
magnitude smaller than in the traditional devices (Teflon membranes, Delrin 
cups, etc.) used for investigating the annulus region and mechanism of bilayer 
thinning. The larger orifices in these polymer membranes will have a smaller 
volume of lipid solution relative to the orifice dimensions, in comparison with 
GNM/QNMs; thus, the smaller size of GNM/QNMs may inhibit the lipid solution 
from spontaneously thinning across the orifice.  If the lipid solution does not thin 
into a bilayer, ion channel reconstitution or activity will not occur. We observe that 





GNM/QNMs, suggesting a fundamental difference in the bilayer structure 
suspended across large and small orifices.   
Fluorescence imaging has been shown to be useful in characterizing the 
nature of artificial bilayers,29-31 and imaging techniques have previously been 
successfully combined with electrical recordings to simultaneously monitor ion 
channel activity.32-34  Here, epi-illumination fluorescence microscopy is used to 
observe the structure of lipid bilayers suspended across the orifice of a QNM, as 
a function of applied pressure.  Nile red fluorescent dye is dissolved in the lipid 
solution (1,2-diphytanoyl-sn-glycero-3-phosphocholine in decane) used to form a 
bilayer.  The resulting bilayer is imaged as a function of applied pressure while 
simultaneously recording the α-HL ion channel activity.  To avoid fluorescent 
artifacts from the glass in GNMs, nanopore membranes prepared from fused 
quartz capillaries are used.  QNMs possess similar surface properties and ion 
channel reconstitution capabilities as GNMs, in addition to improved electrical 
and optical properties.21,35  It is found that the bilayer structure and lipid solution 
distribution at conical-shaped pores varies as a function of pressure.  A thinning 
and protrusion of the bilayer (which allows for ion channel reconstitution) occurs 
with positive pressure, and a withdrawal of the lipid solution into the pore occurs 
with negative pressure.  The fluorescence images are consistent with the 








4.2 Experimental Section 
4.2.1 Chemicals and Materials 
Aqueous solutions were prepared using 18 MΩcm water obtained from a 
Barnstead E-pure water purifier.  KCl, K2HPO4, KH2PO4, and EDTA were used as 
received from Mallinckrodt to prepare buffered electrolyte solutions (containing 
either 1 M KCl, 10 mM PBS, and 1 mM EDTA (pH 7.4), or 1 M KCl, 30 mM Tris-
HCl, and 10 mM EDTA (pH 7.4)).  3-cyanopropyldimethylchlorosilane was used 
as received from Gelest.  Decane was obtained from Fisher Scientific and 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was obtained from Avanti 
Polar Lipids in 10 mg aliquots dispersed in chloroform.  Nile red dye was 
purchased from Invitrogen (Cat. No. N-1142) as a powder and dispersed in 
chloroform (spectroscopy/LC grade, from Omnisolve) and stored at -4° C at a 
concentration 0.5 mg per mL when not in use.  α−HL monomer was obtained 
from Sigma-Aldrich as a lyophilized powder and stored at 0.6 mg per mL H2O in 
a -80° C freezer, and diluted to ~240 nM with buffered electrolyte upon thawing.  
α-HL solutions were stored in the refrigerator (4 °C) for short periods of time 
between experiments.  Glass coverslides (No. 1, 22 x 22 mm) were obtained 
from VWR and used to form the base of a well when attached to a glass cylinder 
via epoxy. This well was used as the experimental cell for simultaneously 
recording ion channel activity and fluorescence images.  Ag wire for Ag/AgCl 







4.2.2 QNM Fabrication 
The fabrication of the QNM has been previously reported,21 and is only 
briefly described here.  A 50-µm-radius tungsten (W) wire is attached to a W rod 
via silver conductive adhesive paste; the end of the wire is then electrochemically 
sharpened in 1.5 M NaOH while applying 10 VPP at 60 Hz.  The nanopore 
membrane is formed by initially sealing the end of a 3-4 cm length of fused 
quartz capillary with a H2/O2 flame.  Once the fused quartz membrane is formed, 
the sharpened W wire is inserted into the capillary and positioned within 15 µm of 
the membrane.  The quartz is then heated again in the H2/O2 flame while 
applying a vacuum to the end of the capillary, collapsing the fused quartz 
membrane until the W wire is sealed into the membrane.  The sealed end of the 
capillary is polished, leaving a thin fused quartz membrane (25-75 µM thick) in 
which a W disk is exposed. Finally, the W wire is partially etched out of the orifice 
in a 1.5 M NaOH solution by applying 10 VPP at 60 Hz; the remaining wire is 
manually removed by pulling the W rod out of the capillary.  The approximate 
size of the W disk is monitored during polishing with an electrical feedback circuit 
which indicates when the desired radius has been reached.  The radius of the 
nanopore orifice is determined from the measured conductance in 1 M KCl.18-20  
The fused quartz surface is chemically modified with 3-cyanopropyldimethyl-
chlorosilane in order to create the hydrophobic surface character required for 







4.2.3 Electrical Measurements 
 The QNM was filled with buffered electrolyte containing 240 nM α−HL 
and submerged in a cell containing the same electrolyte (without α−HL).  
Ag/AgCl electrodes (fabricated by immersing a Ag wire in Clorox bleach for 10 
min) were used to apply a voltage bias (+40 mV, internal vs. external) across the 
QNM.  One Ag/AgCl electrode (0.25 mm diameter) was placed inside the QNM 
capillary and the second (0.5 mm diameter) was placed in the external cell.  The 
back of the QNM was sealed with a Dagan Corporation pipette holder attached to 
a pressure line and syringe; positive and negative pressures were applied by 
compression and release of the syringe plunger, respectively, and measured 
using a sphygmomanometer pressure gauge.  A voltage was applied across the 
GNM with a Dagan Corporation CHEM-CLMAP (Voltammeter and Amperometer 
Voltage Clamp Amplifier) interfaced with a PC and the current was monitored. 
  
4.2.4 Bilayer Formation 
 To prepare the lipid for bilayer formation, a nitrogen stream was used to 
dry the chloroform from the DPhPC solution and the lipid was re-dispersed in 1 
mL decane.  Nile red dye was then added to the lipid solution at a concentration 
of 0.001% (by mass) in 10 mg DPhPC per mL decane.  The 0.001% Nile red lipid 
solution was painted across the QNM orifice with a pipette tip while an i-t trace 
was recorded.  A decrease in conductance to ~10 pS (corresponding to an ~100 
GΩ bilayer seal) indicates that a bilayer has formed.20  Positive pressure was 





negative pressure was used to remove the α−HL activity.  While monitoring α−HL 
activity through the i-t trace, fluorescence microscopy was used to image the 
bilayer as a function of applied pressure.  Protein channel activity was used to 
verify the presence of a functional bilayer; only bilayers that exhibited protein 
channel conductance were imaged.  Figure 4.2 shows a depiction of the 
experimental setup. 
 
4.2.5 Fluorescence Microscopy and Pressure Dependent 
α-Hemolysin Ion Channel Reconstitution 
 Fluorescence images of the bilayer suspended across the QNM were 
captured with an inverted epi-illumination fluorescence microscope.  The beam 
from a Lexel Model 95 argon ion laser, tuned to 488-nm, was passed through a 
Pellin-Broca prism, and selectively blocked with an electronic Uniblitz shutter to 
minimize sample photobleaching. The beam was scattered with a rotating, 
roughened glass disc to average the illumination speckle pattern. A 55-mm focal 
length lens (f/1.2) was used to reimage the scattered laser spot through the 
objective. A band-pass excitation filter (D480/30, Chroma) and a long-pass 
dichroic beam splitter (505dclp, Chroma) were placed before the objective (Nikon 
Plan Fluor 100x, 1.3 NA). The fluorescence emitted from the sample was 
collected by the same objective and separated from the excitation light via the 
dichroic beam splitter and a 510-nm long pass emission filter (HQ510lp, 











Figure 4.2. Schematic depiction of the experimental system for measuring the 
fluorescence intensity from the QNM suspended bilayer as a function of applied 
pressure, while simultaneously performing ion channel recordings.  The QNM 
with a suspended DPhPC bilayer is submerged in a cell positioned on the stage 
of an inverted epi-illumination fluorescence microscope, while i-t data are 
simultaneously recorded in a solution containing 1 M KCl, 10 mM PBS, 1 mM 
EDTA (pH 7.4).  The internal volume of the QNM capillary contained 240 nM α-
HL dissolved in the same solution, and is connected to a gas-tight syringe for 
pressure control. The QNM surface is moved in the +/- z direction relative to the 
microscope objective by moving the optical stage.   In the experiments described 
below, z = 0 corresponds to the QNM exterior surface being located at the 
microscope focal point, while positions below (nanopore interior) and above 



















a Photometrics CoolSNAP HQ CCD detector (1392 x 1040 imaging array with 
6.45 x 6.45 µm pixels). 
Once a bilayer was formed, the position of the QNM was adjusted above 
the microscope stage using a micro-positioner to bring the QNM surface into the 
focus of the objective.  Images were captured with the focus of the objective at 
varying depths, as indicated in Figure 4.2: (i) at the external QNM surface (z = 0), 
(ii) above the external surface (+z) into the bulk solution, and (iii) below the 
external surface (-z) into the nanopore interior.  The objective was adjusted in the 
z-direction by +/- 2 µm increments to image the Nile red distribution as a function 
of applied pressure. Each fluorescence image was acquired at a 1.0 s integration 
time.   
 
4.3 Results and Discussion 
4.3.1 Bilayer Fluorescence as a Function of Applied Pressure 
Nile red is a hydrophobic dye and when dissolved in a hydrophobic 
environment36,37 such as the acyl chain region of a lipid membrane,38,39 or the 
decane/lipid solution, its fluorescent emission is readily detectable.  Nile red is 
very sensitive to the hydrophobicity of its environment,40-42 it fluoresces strongly 
in a lipid/decane solution, and is weakly emitting when dissolved in aqueous 
solution.43  Thus, the fluorescence signal from the Nile red was used to image the 
distribution of the lipid/decane membrane at the QNM surface as a function of the 
applied pressure.  Line scans of fluorescence intensity over the pore face and 





bilayer structure.  In these experiments, QNMs with orifice radii (1.5-2 µm) 
slightly larger than those previously employed in ion channel recordings (0.5-1 
µm) were used in order to observe structural features in the fluorescence images.  
The pressure-dependent activity of α-HL with these larger QNMs, however, is 
qualitatively similar to that previously reported.20 
Figure 4.3 demonstrates how the fluorescence intensity varies across the 
QNM surface as a function of applied pressure.  In this experiment, the QNM 
surface is brought into the focal plane of the microscope (z = 0), and a positive 
pressure (80 mmHg) is applied across the membrane (internal vs. external 
solution).  Beginning at ~600 s in the i-t trace, an α-HL channel is reconstituted in 
the bilayer, yielding a conductance of ~1 nS (40 pA at Vapp = 40 mV) in 
agreement with literature values in 1.0 M KCl.22  The i-t traces were recorded 
with an open cell, without a Faraday cage, in order to simultaneously record the 
fluorescence images, resulting in electrical noise larger than usually present in 
the α-HL channel recordings using glass nanopores.22   
The fluorescence image obtained at positive pressure showed a decrease 
of fluorescence intensity over the pore orifice.  Application of a negative pressure 
resulted in the immediate loss of α-HL activity, and an increase in the 
fluorescence intensity across the pore orifice (relative to positive pressure).  
Upon bilayer rupture at a higher pressure (>100 mmHg), the fluorescence 
intensity decreases across the nanopore membrane surface.  Although the 
absolute fluorescence intensity and background signal vary using different QNMs 












Figure 4.3. (A) i-t trace showing the reconstitution of a single αHL channel in a 
DPhPC bilayer suspended across the ~2 µm-radius orifice of a QNM. The 
solution conditions are the same as in Figure 4.2, and the i-t trace was obtained 
at a voltage of 40 mV. +P corresponds to +80 mmHg (internal vs. external 
solution), while -P corresponds to -20 mmHg.  The bilayer was ruptured by 
applying 120 mmHg.   (B) Fluorescence images and intensity line scans of the 
QNM/DPhPC bilayer were taken at ~650 s (+P), ~690 s (-P), and ~1130 s 
(bilayer rupture) during the ion channel recording.  The dashed horizontal lines 
correspond approximately to the orifice circumference, with the center of the 
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a function of applied pressure is reproducible.  A positive pressure applied from 
the internal solution results in a decrease in fluorescence intensity across the 
pore orifice, where the lipid bilayer is located. 
  
4.3.2 Bilayer Fluorescence as a Function of Applied 
Pressure and Objective Focus Depth 
 Pressure dependent changes in the fluorescence intensity across the 
pore orifice were investigated as a function of the objective focus depth, Figure 
4.4.  Upon protein channel insertion with positive pressure, fluorescent images 
were acquired above the external surface (z>0, see Figure 4.2), at the external 
pore surface (z=0), and below the external surface (z<0).  A negative pressure 
was applied and images were again recorded above the external surface, at the 
external pore surface, and below the external surface.  Acquisition of the images 
was repeated again once the bilayer was ruptured.  Fluorescence images are 
shown in Figure 4.4A as a function of the objective focus depth (at z=+4, 0, or -
4), while Figure 4.4B plots the line scans of the fluorescence intensity over the 
pore face as a function of the objective focus depth (z=+6 to z=-6), and finally 
Figure 4.4C illustrates the lipid/decane structure as interpreted from the results 
presented in Figure 4.4A and 4.4B. 
 Figure 4.4A (left) and Figure 4.4B (left) summarize the results of a series 
of fluorescence imaging for 60 mmHg applied pressure (nanopore interior relative 














Figure 4.4. (A) Fluorescent images of QNM DPhPC bilayer with the microscope 
objective focus above the external QNM external surface (z = +4 µm), at the 
external surface (z = 0), and below the external surface (z = -4 µm) as a function 
of pressure left to right: +P (+60 mmHg), -P (-20 mmHg), and after bilayer 
rupture. (B) Fluorescent intensity line scans recorded for +6 < z < -6 µm at 2 µm 
increments at +60 and -20 mmHg, and after bilayer rupture. (C) Schematic 
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scans (Figure 4.4B) show the lipid distribution from -6 µm below the external 
surface, at the pore face (0 µm), to +6 µm above the external surface.  At the 
pore surface (0 µm), there is a decrease in fluorescence intensity across the 
orifice and on the surface around the orifice.  Above the external surface (+4 µm) 
there is a ring of fluorescence brighter than the QNM orifice, and a decrease in 
fluorescence within the center.  This configuration corresponds to conditions 
favorable for α−HL reconstitution, and suggests a structure where the lipid 
solution is forced outside of and away from the orifice, resulting in a convex 
bilayer structure; the lipid/decane membrane has thinned to where it can be 
spanned by an α-HL channel (Figure 4.4C, left).  This hypothesis is further 
supported by previous observations that a pressure gradient induces curvature to 
the bilayer.44-46  Images obtained below the external surface (-4 µm) show that 
there is fluorescence concentrated across the orifice; this is attributed to lipid and 
decane collecting within the orifice and scattered fluorescence from the pore 
walls.   
 Figure 4.4A (center) and Figure 4.4B (center) summarize the results at a 
negative applied pressure at various objective focus depths.  When negative 
pressure is applied to the QNM, the fluorescence intensity decreases across the 
surface of the pore, and increases across the pore orifice relative to the 
surrounding surface.  This is the case for both above the external surface (up to 
+6 µm) and at the pore surface (0 µm); again, the fluorescence observed when 
the focus of the objective is below the external surface (up to -6 µm) is postulated 





walls.  The microscope objective has a depth of field of ~1 µm and will collect out 
of focus fluorescence as well.  However, the increase in fluorescence intensity 
across the pore orifice relative to the pore surface can be compared with images 
obtained at positive pressure where the intensity on the surface is greater than 
that across the orifice.  The fluorescence distribution upon applying negative 
pressure suggests that dye (and thus lipid and decane) is accumulating within 
the orifice.  These results are interpreted as the lipid/decane solution being pulled 
into the pore and thickening of the solution layer across the orifice as the bilayer 
leaflets are separated (Figure 4.4C, center).  This conclusion is consistent with 
the observation that smaller orifice dimensions (<70 µm) are prohibitive to 
spontaneous thinning of the lipid/solvent solution across the orifice.47  Negative 
or zero pressure allows the lipid and decane to distribute within the pore and 
along the capillary walls, whereas positive pressure forces the lipid out from the 
pore, thinning the solution to the limit of a functional lipid bilayer. 
 Finally, Figure 4.4A (right) and 4B (right) summarize the fluorescence 
data following the rupture of the bilayer at high pressure.  When the bilayer is 
ruptured, there is a decrease in fluorescence over the surface and within the pore 
as seen from the intensity decrease compared with the positive and negative 
pressure images and line scans.  These results are interpreted as an irreversible 
loss of the lipid and dye from the orifice region (Figure 4.4C, right). 








 Fluorescence microscopy images obtained during ion channel 
recordings indicate that applying a positive pressure across the QNM results in a 
redistribution of the decane/lipid solution favorable for bilayer formation and ion 
channel activity.  The fluorescence images suggest that positive pressures push 
the decane/lipid solution outward from the orifice (towards the external solution) 
creating a convex lipid bilayer structure suitable for ion channel reconstitution.  
Removal of this positive pressure (either zero or negative applied pressure) 
results in loss of ion channel activity, a consequence of the decane/lipid solution 
being drawn into the orifice, as indicated by the increased fluorescence in the 
orifice region.  Most likely, this flow results from surface tension pulling the 
decane/lipid solution into the pore.  The loss of ion channel activity after removal 
of the external positive pressure suggests that the lipid bilayer structure is 
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SEQUENCE-SPECIFIC SINGLE-MOLECULE ANALYSIS OF 
8-OXO-7,8-DIHYDROGUANINE LESIONS IN DNA BASED ON 
UNZIPPING KINETICS OF COMPLEMENTARY PROBES IN 
ION CHANNEL RECORDINGS 
 
5.1 Introduction 
Detection of chemical damage to genomic and mitochondrial DNA 
remains an important and challenging task.1  In an ideal case, one would 
determine the precise chemistries and locations of all modifications occurring on 
individual DNA strands in healthy vs. diseased cells and be able to monitor such 
changes as a function of oxidative, alkylative, or micronutrient stress.2,3  In the 
case of the key base oxidation product 8-oxo-7,8-dihydroguanine (OG), the most 
sensitive and accurate methods of quantification involve either the comet assay 
to produce strand breaks at each lesion or digestion followed by LC-MS 
analysis.4  Shortcomings of these procedures include the loss of sequence 
information surrounding the lesion and the difficulty in distinguishing between 
multiple lesions on one strand relative to the average of a set of strands.  We 





As a step towards these goals, we report the ability of short 
oligodeoxynucleotides to interrogate a target strand of DNA, in a sequence 
specific manner, for the presence of OG vs. G via electrophoretically driven 
translocation through an α-hemolysin (α-HL) ion channel.  Other laboratories 
have shown that the translocation time constant τ of single-stranded DNA 
(ssDNA) oligomers through the nanopore is greatly increased when a terminal 
hairpin is present which must unfold before threading through the narrow 
constriction zone of α-HL.6-11  Alternatively, addition of a small complementary 
DNA probe sequence also increases τ by providing a quasi-stable duplex which 
must unzip before translocation of the strand can be completed.12-15  We chose 
the latter approach in designing a detection method for OG vs. G in a specific 
target sequence (Figure 5.1). 
A unique feature of OG is its ability to base pair to either C or A with nearly 
equal stability, compared to the parent base G, which forms a highly stable base 
pair only with C.  NMR and x-ray crystallographic studies provide the base pair 
structures shown in Figure 5.2.16-21  The Watson-Crick OG:C base pair, in which 
both bases are in the normal anti conformation about the glycosidic bond, is 
slightly destabilized compared to the G:C base pair because of steric interactions 
between the C8 oxo group and the C4’ oxygen of the same nucleotide; typical 
duplex melting temperatures are ~2 °C lower for the OG:C pair.22  The adverse 
steric interaction may be relieved by rotating OG to a syn conformation which 
presents the Hoogsteen face of OG for pairing with A via two complementary H 











































Figure 5.2.  Base pairing scheme of G vs. OG opposite C or A.  The sugar-
phosphate backbone distance (arrows) of a G(anti):A(anti) mismatch (red arrow) 
is wider than that of a OG(syn):A(anti) pair or a Watson-Crick G:C pair, 












another 1-2 °C compared to OG:C.  In contrast, the presence of a G:A mismatch 
is significantly more destabilizing to a short duplex (∆Tm = 6-8 °C) because two 
purines in anti conformations require a wider backbone spacing (Figure 5.2, red 
arrow).23  Alternative structures for the G:A mismatch may be stabilized in 
tandem mismatches that provide greater π stacking or in other conformations that 
require low pH;21,24-26 however, these conditions are not present in the single X:Y 
base (mis)pairs of the current study. 
 
5.2 Experimental Section 
5.2.1 DNA Preparation and Purification 
The oligodeoxynucleotides were synthesized from commercially available 
phosphoramidites (Glen Research, Sterling, VA) by the DNA-Peptide Core 
Facility at the University of Utah. After synthesis, each oligodeoxynucleotide was 
cleaved from the synthetic column and deprotected according to the 
manufacturer’s protocols, followed by purification using a semipreparation ion-
exchange HPLC column with a linear gradient of 25% to 100% B over 30 min 
while monitoring absorbance at 260 nm (A = 20 mM Tris, 1 M NaCl pH 7 in 10% 
CH3CN/90% ddH2O, B = 10% CH3CN/90% ddH2O, flow rate = 3 mL/min). The 
purities of the oligodeoxynucleotides were determined by analytical ion-exchange 
HPLC running the previously mentioned buffers and method, with the exception 
that the flow rate was 1 mL/min.  The identities for the oligodeoxynucleotides 





5.2.2 Melting Temperature Analysis 
The dsDNA samples were formed by placing each strand in buffer (10 mM 
PBS, pH 7.4, 1 M KCl) at a 1 µM concentration, followed by heating the sample 
at 90 oC for 5 min, then allowing the samples to slowly cool to room temperature 
over 3 h.  Next, the samples were loaded into Tm analysis cuvettes following the 
manufacturer’s protocol (Beckman DU 650) and placed into a UV/vis 
spectrophotometer equipped with a temperature-regulated heat block.  Samples 
were thermally equilibrated at 25 oC for 20 min followed by heating to 70 oC at a 
rate of 0.5 oC/min.  As the samples were heated, absorbance readings at 260 nm 
were taken every 0.5 min.  The background corrected data were plotted and the 
Tm values were determined using two-point average analysis.  Since refinement 
to determine the best possible probes occurred after conducting the translocation 
experiments, the Tm studies for the 10-mer, 12-mer, and 15-mers were not 
collected under the same experimental conditions as the probes containing the 
modified base I; thus the data do not appear to be self consistent, and this 
inconsistency in Tm analysis has been previously described.
27  Because of this 
experimental error, only data collected under identical conditions were directly 
compared to generate ∆Tm values. 
 
5.2.3 Chemicals and Materials 
All aqueous solutions were prepared with ultrapure water obtained from a 
Barnstead E-pure water purifier, with a resistance > 18 MΩ.  KCl (Sigma-Aldrich), 




(Mallinckrodt Chemicals), and HCl (EMD) were used as received.  A 1 M KCl, 10 
mM PBS, and 1 mM EDTA (pH 7.4) buffered electrolyte solution was prepared 
and filtered using a sterile 0.22 µm Millipore vacuum filter (Fisher Scientific) 
before use, and was used for all unzipping experiments.  Wild-type α-hemolysin 
(referred to as α-HL above) was obtained as a monomer, excreted from 
Staphylococcus aureus, as a lyophilized powder from Sigma-Aldrich and List 
Biological Laboratories.  The α-HL was frozen in ultrapure water at a 
concentration of 1 mg per mL for long-term storage in a -80 °C freezer, and upon 
use was diluted with buffered electrolyte and added to the experimental cell.  The 
phospholipid 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was 
purchased as a powder from Avanti Polar Lipids and stored in a -20 °C freezer.  
Before use, the DPhPC powder was dispersed in decane (Fisher Scientific) for a 
concentration of 10 mg DPhPC per mL decane.  Glass nanopore membranes 
(GNM) were fabricated as previously described,28 and used as a solid support for 
a suspended bilayer for ion channel reconstitution.  Before use, GNMs were 
chemically modified via silanization with 2% (v:v) 3-cyanopropyldimethyl-
chlorosilane (Gelest, Inc.) in acetonitrile (Fisher Scientific).29  Upon use, GNMs 
were rinsed inside and out with acetonitrile, ethanol, and water, before being 
filled with buffered electrolyte.  Ag/AgCl electrodes were prepared from 0.25 mm 
diameter silver wire (Alfa Aesar) being soaked in bleach.  All DNA oligomers 
were obtained as described above, and were annealed by mixing the 65mer and 




sample to slowly cool to room temperature.  When not in use, the annealed DNA 
was stored at 4 °C. 
 
5.2.4 Electrical Measurements 
Current-time (i-t) measurements were performed for the unzipping 
experiments with 10mer and 15mer probes using a Dagan Corporation CHEM-
CLAMP (Voltammeter and Amperometer Voltage Clamp Amplifier) and a Pine 
Instrument Company RDE4 Analog Bipotentiostat, interfaced with a PC.  An in-
house written LabVIEW 8.2 (National Instruments) program was used to record 
the i-t traces.  Data for the 12mer duplexes were collected using a custom built 
high-impedance, low noise amplifier and data acquisition system (Electronic Bio 
Sciences, San Diego CA).  
The GNM was rinsed with ethanol and ultra pure water prior to use, then 
filled with buffered electrolyte.  An Ag/AgCl electrode was positioned inside the 
GNM and the back of the GNM was sealed using a Dagan Corporation pipette 
holder, which was attached to a pressure gauge and 10 mL gas-tight syringe 
(Hamilton).  A second Ag/AgCl electrode was positioned within the experimental 
cell; the same buffered electrolyte within the GNM was used to fill the cell and 
submerge the GNM orifice, α-HL was then added to the cell (external to the 
GNM).  A voltage was applied across the GNM orifice and the resultant current 
was measured as a function of time; voltages were applied cis vs.trans using the 
CHEM-CLAMP instrumentation and trans vs.cis for the EBS DC system, with 




A suspended bilayer was generated by depositing a 10 mg DPhPC per mL 
decane lipid solution across the GNM orifice, which produced a drop in 
conductance as a voltage was applied across the GNM orifice; an open GNM 
orifice has a resistance of ~10 MΩ and the presence of a bilayer increases the 
resistance to ~100 GΩ.  A pressure was then applied to the back of the GNM to 
thin the lipid solution into a functional bilayer for protein channel reconstitution to 
occur.29  After protein channel insertion, the annealed DNA was added to the 
experimental cell to a final concentration of 5 µM.  A minimum of 500 events 
were collected for each sample, except the 15mer samples due the stability of 
the duplex as discussed above. Data were collected with a 20 kHz filter and 
sampled at 100 kHz. 
 
5.2.5 Data Analysis 
Only events that were >1 ms in duration and produced ≥ 75% blocking to 
the open channel current were analyzed.  Histograms of event duration were 
plotted and fit as a single exponential decay for either each population as a 
whole to determine τ, or as two populations to determine τ3’ and τ5’.  When the 
data were fit as whole populations to determine τ, the fit excluded the first bin to 
avoid weighting the fit toward faster event durations due to unduplexed DNA.  
Events where extracted using QuB (version 1.5.0.31) and fit using OriginPro (ver 
8).  Density plots were generated using data analysis programs provided by 





5.3 Results and Discussion 
5.3.1 10mer and 15mer Duplex Unzipping 
In the present work, we took advantage of the difference in stability of G 
vs. OG opposite C or A to design short complementary probes that would slow 
the translocation of ssDNA through the α-HL ion channel.  Experiments were 
conducted initially with a set of 10mer (10merC or 10merA) and 15mer (15merC 
and 15merA) probes complementary to the central region of a 65mer (denoted as 
G or OG) resulting in the following eight duplexes: G:10merC or A, OG:10merC 
or A, G:15merC or A and OG:15merC or A, as shown in Table 5.1 (sequences 
were selected to minimize secondary structure).  Melting temperature, Tm, 
studies conducted in the same buffer solution (10 mM PBS, pH 7.4, 1 M KCl, 1 
mM EDTA) as used for electrical measurements of the nanopore showed the 
general trends expected for stability of a single X:Y mispair compared to a native 
G:C pair. The order of stability was found to be G:C > OG:C > OG:A > G:A for 
both 10mer probes and 15mer probes annealed to the 65mer target strand. The 
10mer probes were more sensitive to the presence of a single base mismatch; 
the Tm for a G:A mismatch was 8 °C lower than the parent G:C in the 10mer but 
only 5.5 °C lower in the 15mer duplex. 
Electrical measurements were employed to determine the duplex stability 
as a function of the unzipping time constant τ.  To perform these measurements,  
a voltage was applied across an α-HL ion channel reconstituted into a lipid 
bilayer suspended across the orifice of a glass nanopore membrane (GNM).5,29-34  















Table 5.1. Melting temperatures (Tm) determined through thermal denaturation 










   10mer:     3’CTCAGYAGTC 
Sequence Tm (°C) ∆Tm (°C) 
X=G, Y=C 51.9  ± 0.6 -- 
X=G, Y=A 44.1  ± 0.6 -7.8  ± 0.8 
X=OG, Y=C 49.0  ± 1.6 -2.9  ± 1.7 
X=OG, Y=A 47.3  ± 1.3 -4.6  ± 1.4 
5’-(T)25-TTGAGCCXTCAGATG-(T)25 
 15mer: 3’AACTCAGYAGTCTAC 
Sequence Tm (°C) ∆Tm (°C) 
X=G, Y=C 58.2  ± 1.0 -- 
X=G, Y=A 52.7  ± 0.6 -5.5  ± 1.2 
X=OG, Y=C 57.8  ± 0.5 -0.4  ± 1.1 





channel where it unzipped for translocation (Figure 5.1).  The analysis of duplex 
unzipping kinetics was performed by plotting histograms of log10(events) vs.event 
duration time.  From the slope of these histograms, the translocation time 
constant τ was determined for each duplex by assuming that unzipping follows a 
first-order kinetics law.  Figure 5.3 shows an example fitting for G:10merC (or A) 
and OG:10merC (or A) for +80 mV applied voltage (trans vs.cis).  Probes of 25 
nucleotides in length (5’-AAAAAAACATCTGA(C or A)GGCTCAAAAA) were also 
examined, but due to the very stable nature of the resulting duplex, an adequate 
sample of events could not be collected for voltages <140 mV; thus, 25mer 
probes were not studied further. 
Measurements of the translocation of 65mers G and OG in the presence 
of C or A-containing complementary probes indicated a correlation between the 
values of τ and Tm.  Figure 5.4 shows the time constant for unzipping as a 
function of the melting temperature for 10mer and 15mer duplex sequences.  As 
seen from these data, the unzipping time increases in the order G:C > OG:C > 
OG:A > G:A, and correlates well with duplex melting temperatures, for both 10 
and 15mer probes.  The duplexes generated with the 10mer probes exhibited 
unzipping times that were distinctly different from one another at +80 mV, but at 
higher voltages (+100 mV and +120 mV) unzipping proceeded at similar rates, 
decreasing the measurement sensitivity.  For the 15mer duplexes, use of a lower 
voltage (+80 mV) resulted in event durations that were very long (> 10 s for 
G:15merC), making it difficult to collect an adequate population of events to 














Figure 5.3. Plot of log10(Events) vs. event duration for unzipping of duplexes 
formed with a 65mer containing G or OG at position 33 and either C or A 
centered opposite in the 10mer: G:10merC, G:10merA, OG:10merC, and 
OG:10merA.  The slope of the straight line is used to compute the unzipping time 
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Figure 5.4.  Plot of log10[τ(ms)] as a function of the duplex melting temperature 
for G:10merC or A (abbreviated G:10C and G:10A) and OG:15merC or A 
(abbreviated as OG:15C and OG:15A).  Data are shown for applied biases of 80 
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unzipping times show less sensitivity to the duplex stability.  From this initial 
study it was determined that the probe design must balance the lower sensitivity 
of the 10mer and the longer τ values of the 15mer that limit event frequency.  
This process of probe refinement is described below. 
 
5.3.2 12mer Duplex Unzipping 
Although the 10mer probes displayed Tm values that were more sensitive 
to the presence of a single X:Y mispair, the τ values for the 15mer probes were 
generally in a better event duration range for discriminating between G and OG.  
Duplexes with Tm values >50 °C provided sufficiently long translocation times 
that could be readily discerned from translocations of the 65mer (~280 µs).  In 
order to refine the probe design, we sought methods to enlarge the difference in 
event duration between OG:A and G:A mispairs.  Previous studies have shown 
that locating the mismatch further away from the center of the probe led to a 
greater distinction in unzipping times between correctly paired and mismatched 
duplexes.35  Thus, two new sets of 12mer probes were tested in which the X:Y 
base pair of interest was located near either the 3’ end or the 5’ end of the probe, 
and care was taken to maintain the same number of G:C and A:T base pairs in 
each of the two sets so that a meaningful comparison could be made.  As a 
further refinement, the G:C base pair immediately 5’ to the G/OG site was 
converted to a C:I base pair.  Inosine (I) is the nucleoside form of the 
hypoxanthine base which lacks the 2-amino group of G and forms a weaker base 




mispair to a greater extent than the OG:A pair; G:A mispairs are known to be 
sensitive to the surrounding sequence, particularly on the 5’ side of the G site.25  
The Tm data for the resulting 12mer probes annealed to 65mer target strands are 
shown in Tables 5.2A, 5.2B, and 5.2C, in which the probe is shifted in either the 
5’ or 3’ direction or centered on the X:Y pair of interest. 
The data in Tables 5.2A-C confirm that the displacement of the probe 
sequences with respect to the potential mismatched base pair can influence the 
thermal stability of the duplexes.  Importantly, shifting the probe sequence toward 
the 3’ direction relative to the target strand (Y in position 10) led to a greater 
difference between the relatively stable OG:A pairing (∆Tm = -4.6 °C with respect 
to G:C, Table 5.2C) and the unstable pairing of G:A (∆Tm = -8.3 °C) compared to 
other probe arrangements.  When the probe was shifted in the opposite direction 
(position 3), the ∆Tm values were smaller (Table 5.2A). 
Electrical measurement of the 12mers annealed to G or OG-containing 
65mers unzipping and translocating through the α-HL ion channel were 
conducted at 80 mV to maximize the apparent differences in unzipping times due 
to the duplex stability. The unzipping time, τ, was determined in the same 
manner as described above for the 10mer and 15mer duplexes; the unzipping 
events were plotted as histograms of log10(events) vs. event duration.  A plot of τ 
as a function of the shift in probe position is presented in Figure 5.5 for each of 
the 12mer duplexes shown in Table 5.2. 
We again found that the unzipping times corresponded well to the melting 















Table 5.2. Tm studies with 12mer complementary probes in various positions of 
X:Y.  The probe strand is shifted 5’ (A), centered (B), or shifted 3’ (C) with 
respect to the interrogated base X.  The position of Y is denoted as position 3, 6, 







A.     Position 3 
5’-(T)23-TTTTGAGCCXTCAGATGTT-(T)23 
        3’-AA AACTCAIYAG            
Sequence Tm (°C) ∆Tm (°C) 
X=G, Y=C 54.2  ± 0.4 -- 
X=G, Y=A 48.1  ± 1.3 -6.2  ± 1.4 
X=OG, Y=C 52.8  ± 0.3 -1.4  ± 0.5 
X=OG, Y=A 50.5  ± 0.3 -3.7  ± 0.5 
 B.    Position 6 
5’-(T)23- TT TTGAGCCXTCAGATGTT -(T)23 
                     3’-ACTCGIYAGTCT            
Sequence Tm (°C) ∆Tm (°C) 
X=G, Y=C 55.0  ± 0.1 -- 
X=G, Y=A 50.2  ± 0.3 -4.8  ± 0.3 
X=OG, Y=C 53.0  ± 1.3 -2.0  ± 1.3 
X=OG, Y=A 51.0  ± 0.1 -4.0  ± 0.1 
 C.    Position 10 
5’-(T)23- TT TTGAGCCXTCAGATGTT -(T)23 
                              3’-GIYAGTCTACAA            
Sequence Tm (°C) ∆Tm (°C) 
X=G, Y=C 51.8  ± 0.3 -- 
X=G, Y=A 43.5  ± 0.7 -8.3  ± 0.8 
X=OG, Y=C 48.8  ± 0.4 -3.0  ± 0.5 
X=OG, Y=A 47.2  ± 0.3 -4.6  ± 0.4 














Figure 5.5.  Plot of τ as a function of position for the X:Y site of interest.  Y 
position is denoted relative to the 5’ end of the 12-mer probe sequence.  

















duplex stability as shown in the melting temperatures (Table 5.2), G:C > OG:C > 
OG:A > G:A.  Additionally, the largest difference in τ between the duplexes 
occurs for position 10 as predicted by the ∆Tm discussed  above, demonstrating 
that the unzipping time τ is a sufficient measure of duplex DNA stability to allow 
the presence of a single DNA damage site to be detected.   
However, these positional studies highlighted another feature of DNA 
translocation with the ion channel: DNA can enter the α-HL channel to unzip the 
duplex from either the 5’ or 3’ orientation.  For the generation of the asymmetrical 
12mer probes (position 3 and position 10), the duplex unzipping times are 
expected to depend on whether the strand enters from the terminus closer to or 
farther away from the mismatched base pair.  The melting temperature, a 
thermodynamic phenomenon, will not reflect the kinetics of 5’ or 3’ initiated 
dissociation, whereas the unzipping of a duplex in the α-HL channel has been 
shown to differ based on 5’ or 3’ entrance.36   
To examine 3’ vs.5’ entrance into the α-HL channel, multi-dimensional 
plots were generated to examine the current blockage level as a function of event 
duration and event population density.  Figure 5.6 illustrates how the unzipping 
events are dispersed based on the current blockage level and translocation time.  
Generally, the duplexes formed with an asymmetrical probe sequence (positions 
3 and 10) displayed two populations of events separated by both the current 
blockage level and the event duration, whereas the symmetrical sequences 
(position 6 probes) did not show separate event populations based on either 


















Figure 5.6.  Plots showing the event population density, least populated (blue) to 
most populated (red), for the current blockage level of 12mer probes annealed to 
65mer target strands as a function of event duration for an applied voltage of -80 
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entrance into the α-HL channel.  It has been shown that for immobilized 
homopolymer sequences that 3’ and 5’ entrance into the α-HL channel have 
different current blockage levels, and these may change significantly based on 
the nucleotide identity within the channel.36  Additionally, as shown above and by 
previous reports, duplex sequences of different stabilities have different 
unzipping event durations, with the less stable duplex exhibiting the faster time 
constant.10,11, 14,37 
Because the 65mer sequence is a heterosequence embedded within a 
poly-dT background sequence at each end, and based on the orientation of the 
molecule upon entry into the α-HL channel and the probe sequence, a variable 
amount of the heterosequence will be within the α-HL channel.  Thus, 
assignment of entry via the 3’ or 5’ end was not made based on the current 
blockage level, but rather on the event duration.  We assign 3’ vs.5’ entrance of 
the 65mer into the α-HL based on the expected stability of the duplex by looking 
at the first few terminal base pairs. (Note:  all 3’/5’ designations are made 
referring to the orientation of the 65mer sequence because it enters the channel 
first.)  For example, the position 3 G:C duplex is expected to be more stable for 3’ 
entrance relative to 5’ entrance as there are two G:C base pairs and one A:T 
base pair on the 3’ end of the duplex, but three A:T base pairs on the 5’ end 
(Table 5.2).  Thus the 3’ entrance is expected to produce a longer unzipping time 
due to the higher G:C base pair content.  Examining the position 3 G:C duplex 
density plot in Figure 5.6, the deeper blocking events have longer event 




corresponds to 3’ entrance whereas the more shallow blocking level with shorter 
event durations indicates 5’ entrance.  The opposite is expected to be true for the 
position 10 G:C duplex, where the higher terminal G:C base pair content is 
located at the 5’ end of the duplex, which is expected to produce longer event 
durations relative to the 3’.  From the density plot in Figure 5.6, the deeper 
blockage assigned as 3’ entrance possesses shorter event durations relative to 
the shallower 5’ blockage.   This convention of the deeper blockage 
corresponding to 3’ entrance and shallower blockages being 5’ entrance was 
applied to all the duplexes that could easily be separated into two distinct 
populations.  The data for each duplex were separated into two populations and 
fit with a single exponential decay to determine the unzipping time constants, τ3’ 
and τ5’ for 3’ entrance or 5’ entrance, respectively.  The position 6 OG:C and 
OG:A duplexes could not be resolved into two populations, and the time constant 
was assigned to be τ. 
Figure 5.7 compares the time constants for 3’ vs.5’ entrance as assigned 
by the expected event duration from the orientation specific duplex stability.  This 
τ3’ and τ5’ assignment agrees remarkably well with the predicted unzipping times 
for 3’ and 5’ entry.  For the symmetrical probe sequence where the data can be 
resolved into two populations (G:C and G:A, position 6), there is little difference 
between τ3’ and τ5’.  This is expected as both duplexes possess the same 
amount of terminal G:C base pair content.  It is not understood why two 
populations are not resolvable for OG:C and OG:A in position 6.  Further, for 














Figure 5.7.  Plot of τ3’ (light bars) and τ5’ (dark bars) as a function of position for 
the X:Y pair.  The assignment of τ3’ and τ5’ is based on the expected event 
duration times for duplex unzipping.  Position 6 OG:C and OG:A duplexes could 
not be resolved into two distinct populations and were only assigned a single 
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more stable duplex relative to 3’ entrance.  This is observed for position 3 
duplexes G:C, OG:C, and OG:A, with τ3’> τ5’, but also for G:A, which is not well 
understood as the G:A mismatch should destabilize the duplex for 3’ entrance.  
Finally, for position 10 duplexes, the 5’ entrance is expected to be more stable 
than the 3’ entrance (τ3’<τ5’), except for the G:A duplex where the mismatch 
destabilizes the 5’ end of the duplex relative to the 3’.  This prediction is reflected 
in τ3’> τ5’.   
It has been previously demonstrated that the entry of ssDNA into the α-HL 
pore will produced two event populations as a result of either 3’ entry or 5’ entry 
of the DNA strand,36 separated in current blockage level and event duration.38  
Additionally, it has been reported that 5’ entry is less favorable relative to 3’ entry 
due to the tilt of the DNA bases toward the 5’ terminus, making 5’ entry, and 
subsequent translocation, occur at a lower rate relative to 3’ entry.12,38,39  Based 
on this, it was not anticipated that distinct populations would appear as shown in 
Figure 6, separated by both the event duration and current blockage level, with 
an applied bias of 80 mV, as an 80 mV voltage bias is near the minimum 
electrophoretic force required to initiate DNA interaction with the α-HL channel.40  
Other duplex unzipping experiments have noted multiple event populations 
distinguishable by the event duration for a single duplex DNA sample,11,13,14,37,41 
requiring a more complicated analysis than presented above.  Unlike the 
previous duplex unzipping experiments in which the current blockage level was 
not emphasized in the analysis, and only the temporal separation was directly 




populations prior to analyzing the temporal separation.  This allowed a simplified 
mechanism to be applied via single-exponential fits that generally correspond 
well to the relative 3’ vs. 5’ duplex stability.  It is unknown if the duplex region 
influences the DNA entry into the α-HL channel in a manner different from 
ssDNA, allowing equal 3’ and 5’ entry rates. 
Overall, the data presented in Figure 5.7 reveal that the relative position of 
a DNA damage site can be determined by how it influences the stability in an 
orientation specific manner.  Deviations present in the data from the expected 
duplex stability are attributed to possible interactions other than hydrogen bond 
strength between the base pairs and are not fully understood.  However, further 
refinement of the probe design may lead to improved sensitivity to DNA damage, 
for example by chemical modification within the probe to further stabilize or 
destabilize the resultant duplex. 
 
5.4 Conclusions 
 These studies demonstrate that a single oxidized damage site can be 
detected in a sequence specific manner by annealing a probe sequence to 
sequence surrounding the damage site, and observing the rate of duplex 
unzipping required  for translocation through the α-HL ion channel. The presence 
of a single OG will influence the duplex stability in a specific manner depending 
on whether OG base pairs with C or A, both of which produce event duration 
times distinct from the native G:C and G:A base pairs.  Additionally, if the probe 




as opposed to the middle, the duplex stability will vary based on 5’ or 3’ entry into 
the α-HL channel and will be reflected in the current blockage level as a function 
of the event duration, producing two distinct populations of events.  This ability to 
discern the relative location of the DNA damage site is a first step towards 
location specific DNA damage detection.  Further tailoring of the probe sequence 
with additional chemical modifications might be used to enhance the selectivity 
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5.6 Appendix  
 In this appendix, the approach to determine the unzipping time constant τ 
is examined for the duplex unzipping experiments described in section 5.2.4.  
Unzipping events were collected and plotted as event duration histograms.  The 
data were treated using two strategies, but both assume a first-order kinetics law. 
Data were fit as single populations for the 10mer, 12mer, and 15mer 
duplexes; plots of log10(Events) vs. Event Duration were fit with a straight line, 
from which the slope was used to determine τ.   For these fits, the first bin was 
excluded to prevent the weighting of the fit towards the faster events.  Fits 
treating the data as single populations are shown in Figures 5.9, 5.10 and 5.12.  
The second type of fitting separates the data into two populations (excluding 
position 6 OG:C/A), and each population is fit with a single-exponential decay.  
The data are plotted as Events vs. Event Duration, and all bins are included for 
each fit, see Figures 5.13-5.17.  
 Additionally, this appendix also includes a representative melting curve 
(Figure 5.8), example i-t traces for the unzipping events as shown in Figure 5.11, 



















Figure 5.8.  Representative Tm profile for the absorbance of the OG:10merA 




































Figure 5.9.  Event duration histograms for 65merG:10merC/A and 
























Figure 5.10.  Event duration histograms for 65merG:15merC/A and 
65merOG:15merC/A for (A) +80 mV, (B) +100 mV, and (C) +120 mV applied 
voltage (trans vs cis).  The stability of the 15mer duplexes prohibited the 
collection of a large population of unzipping events at +80 mV, especially for the 


























Figure 5.11.  Example i-t traces for 65merG:12merC, 65merG:12merA, 
65merOG:12merC, 65merOG:12merA for -80 mV applied voltage (cis vs trans), 
for position 3 (A), position 6 (B), and position 10 (C).  Data were filtered to 5 kHz 
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Figure 5.12.  Event duration histograms for 65merG:12merC, 65merG:12merA, 
65merOG:12merC, 65merOG:12merA for -80 mV applied voltage (cis vs trans), 




























Figure 5.13.  Event duration histograms for (A) 65merG:12mer3C and (B) 
























Figure 5.14.  Event duration histograms for (A) 65merOG:12mer3C and (B) 



















Figure 5.15.  Event duration histograms for 65merG:12mer6C and 






















Figure 5.16.  Event duration histograms for 65merG:12mer10C and 




















Figure 5.17.  Event duration histograms for 65merOG:12mer10C and 























Figure 5.18.  Example i-t trance for 65merG translocation and event duration 






Reproduced with permission from Anna E. P. Schibel, Na An, Qian Jin, Aaron M. Fleming, 
Cynthia J. Burrows, and Henry S. White “Nanopore Detection of 8-Oxo-7,8-dihydro-2’-
deoxyguanosine in Immobilized Single-stranded DNA via Adduct Formation to the DNA Damage 








NANOPORE DETECTION OF 8-OXO-7,8-DIHYDRO-2’-DEOXY- 
GUANOSINE IN IMMOBILIZED SINGLE-STRANDED DNA 
VIA ADDUCT FORMATION TO THE DNA DAMAGE SITE 
 
6.1 Introduction 
Oxidative stress in the cell underlies multiple age-related disorders 
including cancer, heart and neurological diseases.1  Reactive oxygen species 
(ROS) arising from metabolism, inflammation and environmental exposure to 
redox-active compounds lead to oxidation of many cellular components; those 
reactions occurring on DNA bases are of particular concern for their mutagenic 
potential.2,3  Chief among these DNA base lesions is 8-oxo-7,8-dihydroguanine 
(OG, Figure 6.1), an oxidized base that exists at the level of ~1 in 106 bases 
under normal cellular conditions,4 but at much higher levels under conditions of 
stress or in certain disease states.5  Present methods for detection of OG most 
commonly involve (1) the comet assay,6 which can be performed on a single cell 
although the lesion specificity of the assay is not high, and (2) HPLC-MS/MS 
methods which provide a more accurate count of specific lesions such as OG, 

















Figure 6.1.  Oxidation of the biomarker OG leads to the hydantoins Sp and Gh, 
depending on pH and base stacking context.  The oxygen labeled “O” is 
incorporated from H2O; inclusion of primary amines during oxidation leads to 
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Neither of these methods yield sequence information,8 nor do they provide data  
on the occurrence of multiple lesions per strand, a phenomenon recognized as 
highly detrimental to proper DNA function.9 
In contrast, single-molecule sequencing methods such as nanopore ion 
channel detection10 offer the potential to obtain both the identity and the 
sequence context of base damage sites on individual DNA strands as they 
translocate through the ion channel. Presently this method is focused on 
detection of the sequence of the native DNA bases (adenine (A), thymine (T), 
cytosine (C), and guanine (G)), in order to provide rapid genomic sequencing.11-
17  However, sequencing methods based on translocation of DNA through ion 
channels, as well as solid-state pores, have proved problematic due to 
insufficient current resolution between the native bases.11,13-15,18  It has previously 
been shown that single-stranded DNA (ssDNA) molecules can be captured and 
immobilized within an α-hemolysin (α-HL) ion channel by linking a biotin (Btn) 
molecule directly to the DNA 3’ terminus and binding the DNA conjugate to 
streptavidin (Strep), as the streptavidin is too large to pass the α-HL channel.19-22  
As a result of this immobilization technique, the longer residence time of the DNA 
molecule within the α-HL channel circumvents many of the issues involved with 
ssDNA translocation making it possible to distinguish not only the orientation of 
DNA entering the pore,19 but a single change in the native base sequence.21-24  
The method described above should also be applicable to single-molecule 
sequencing of DNA damage, for which no method currently exists, but has great 




Herein, we describe the detection of a single oxidative base lesion within a 
background of surrounding native bases by immobilizing single-stranded DNA in 
an α-HL ion channel. 
Because OG is similar in size and shape to the parent base G, we elected 
to magnify the difference between the two by taking advantage of the greatly 
reduced redox potential of OG compared to G (0.74 and 1.29 V. vs. NHE, 
respectively25), which results in a high reactivity of OG toward further oxidation.  
The mild, water-soluble oxidants ferricyanide or hexachloroiridate, oxidize OG 
selectively in a strand of DNA leading to hydantoin lesions, particularly 
spiroiminodihydantoin (Sp)26 when the oxidation of ssDNA is carried out at pH 
8.27  When a primary amine, such as lysine or spermine (Spm), is present during 
oxidation, an oxidized intermediate is trapped by the nucleophilic amine 
generating a covalent adduct to OG as a spirocyclic adduct (Sp-NR) (Figure 
6.1).28,29  
Single oxidized base modifications, as outlined in Figure 6.1, were placed 
within a homopolymer poly-dC background sequence and in the K-ras 
heterosequence.  Both sequences were examined for single base oxidative 
damage through ion channel recordings.  The DNA immobilization technique, 
introduced by the Bayley and Schmidt laboratories,21,22 was applied to the 
experiments presented here, and carried out using a wild-type α-HL ion channel 





In the present work, we demonstrate that a simple chemical derivatization 
of OG to form hydantoin adducts of various sizes can lead to a nearly 10% 
change in the ion channel blockage current, not only for homopolymer 
sequences, but heterosequences as well, providing an excellent entry into the 
single-molecule sequencing of this oxidized lesion.  To our knowledge, this is the 
first presentation of the ability to detect and identify singe-point base lesions 
within homo- and hetero-polymer native base sequences through ion channel 
recordings. 
A single WT α-HL protein ion channel was reconstituted into a 1,2-
diphytanoyl-sn-glycero-3-phosphocholine lipid bilayer suspended across the 
orifices of a glass nanopore membranes (GNM), with orifice radii between 500 
and 1000 nm.  The GNM provides a robust bilayer support with low electrical 
noise.30-32  Because the translocation of ssDNA through α-HL is too fast for 
accurate single-base identification, we immobilized ssDNA oligomers within the 
ion channel via a tethered biotin-streptavidin (Strep-Btn) complex (Figure 
6.2).21,22 
A voltage was applied across the α-HL ion channel to electrophoretically 
drive the Strep-Btn DNA complex into the α-HL ion channel, where it was held for 
1 to 2 s to collect current blockage event data.  It was then released by reversing 
the voltage bias, which drives the Strep-Btn DNA into the bulk solution, restoring 
the open channel current.  Figure 6.2 shows a typical current-time (i-t) trace for 
the capture of Strep-Btn-C40 (hereinafter termed “C40”).  When -120 mV was 












Figure 6.2.   Strep-Btn-C40 structure, example i-t trace, and molecule 
capture/release schematic.  A C40 ssDNA strand is tethered to a Btn molecule on 
the 3’ end, and for strand immobilization within the α-HL channel, the Btn-DNA is 
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level, I, are observed when the channel is unblocked and blocked by C40, 
respectively.  This capture and release cycle was repeated to collect a population 
of current blockage events (>100 events) for multiple and different DNA strands 
within the sample of interest.  The schematic in Figure 6.2 illustrates the open 
channel, capture, release, and open channel cycle for the Strep-Btn 
immobilization experiment; brief current fluctuation in the open channel current are 
attributed to noise and unbound single-stranded DNA.  All voltages were applied cis 
vs. trans with respect to the α-HL channel (corresponding to external vs. internal 
solutions with respect to the GNM).  
Previous work has shown that the native base at position 14, relative to 
the 3’ terminus (ω14) in the DNA strand, has a particularly sensitive influence on 
the K+ and Cl- ion flux in the β-barrel sensing region of α-HL.21   The DNA lesions 
under study were initially incorporated into the ω14 position of a poly-dC 
background with a total length of 40 nucleotides.  The ion channel current 
blockage level of the base lesions at this position were evaluated relative to the 
unmodified, homopolymer sequence C40. 
 
6.2 Experimental Section 
6.2.1 DNA Preparation and Purification 
Gly-Pro-Arg-Pro amide, spermine, spermidine, benzylamine, D-(+)-
glucosamine, Ac-Lys-OMe, and Na2IrCl6, were purchased from commercial 
suppliers and used without further purification.  The 3’-biotinylated 




phosphoramidites (Glen Research, Sterling, VA) by the DNA-Peptide Core 
Facility at the University of Utah. After synthesis, each ODN was cleaved from 
the synthetic column and deprotected according to the manufacturer’s protocols, 
followed by purification using a semi-preparation ion-exchange HPLC column 
with a linear gradient of 25% to 100% B over 30 min while monitoring 
absorbance at 260 nm (A = 20 mM Tris, 1 M NaCl pH 7 in 10% CH3CN/90% 
ddH2O, B = 10% CH3CN/90% ddH2O, flow rate = 3 mL/min). The identities and 
purities of the ODNs were determined by negative ion electron spray (ESI-) on a 
Micromass Quattro II mass spectrometer equipped with Zspray API source in the 
mass spectrometry laboratory at the Department of Chemistry, University of 
Utah. 
The ODN-hydantoin/ODN-Sp-NR products were synthesized using the 
methodology previously established by the Burrows laboratory.33,34,35 Briefly, the 
ODN-Gh products were produced by incubating OG-containing oligomers (10 
µM, 1 nmole) in ddH2O at 4 
oC for 30 min; 12 equivalents of Na2IrCl6 (120 µM, 12 
nmoles) were titrated into the ODN samples. After a 30 min incubation, the 
reactions were terminated with Na2EDTA (pH 8, 1 mM, 100 nmoles).  The ODN-
Sp products were synthesized by allowing the OG-containing oligomers (10 µM, 
1 nmole) in 75 mM NaPi buffer (pH 7.4) to incubate at 45 
oC for 30 min, followed 
by addition of 12 equivalents of Na2IrCl6 (120 µM, 12 nmoles), and Na2EDTA (pH 
8, 1 mM, 100 nmoles) was used to quench the oxidant after the reactions 




The syntheses of ODN-Sp-NRs were achieved by thermally equilibrating 
the OG-containing oligomers (10 µM, 1 nmole) and various amines (2 mM, 200 
nmoles) in 75 mM NaPi buffer (pH 8.0) at 45 oC for 30 min; then 15 equivalents 
of Na2IrCl6 (150 µM, 15 nmoles) were titrated into the samples that were then left 
for 30 min. The reactions were quenched the same way as previously described.  
All the products were purified by an analytical ion-exchange HPLC column 
with a linear gradient of 25% to 100% B over 30 min while monitoring 
absorbance at 260 nm (A = 20 mM Tris, 1 M NaCl pH 7 in 10% CH3CN/90% 
ddH2O, B = 10% CH3CN/90% ddH2O, flow rate = 1 mL/min).  ODN-Sp-spermine 
and ODN-Sp-spermidine products were used immediately due to their 
instability.34 
 
6.2.2 Chemicals and Materials 
Aqueous solutions mentioned below were prepared using >18 MΩcm 
ultrapure water from a Barnstead E-pure water purifier.  KCl (Sigma-Aldrich), 
trizma base (Sigma-Aldrich), EDTA (Mallinckrodt Chemicals), and HCl (EMD) 
were used as received.  A buffered electrolyte solution of 1.0 M KCl, 25 mM Tris-
HCl, and 1.0 mM EDTA (pH 7.9) was prepared and used for all ion channel 
recording measurements.  The buffered electrolyte solution was filtered using a 
sterile 0.22 µm Millipore vacuum filter (Fisher Scientific).  The wild type protein 
channel α-hemolysin (α−HL), isolated from Staphylococcus aureus as a 
monomer, was obtained as a lyophilized powder from List Biological Laboratories 




freezer.  Upon use, the αHL solution was diluted to a concentration of 0.05 mg 
α−HL per mL using the above mentioned buffered electrolyte and added directly 
to the experimental cell.   The phospholipid 1,2-diphytanoyl-sn-glycero-3-phos-
phocholine (DPhPC)  was purchased from Avanti Polar Lipids as a powder and 
stored in a -20 °C freezer.  Upon use, the DPhPC powder was dispersed in 
decane (Fisher Scientific) to a concentration of 10 mg DPhPC per mL decane.  
Glass nanopore membranes (GNMs) were fabricated as previously 
described,30,31 and before use as a bilayer support, were silanized in 2% (v:v) 3-
cyanopropyldimethylchlorosilane in acetonitrile (Fisher Scientific) overnight.32  
Ag/AgCl electrodes were prepared by soaking silver wire (0.25 mm diameter, 
Alfa Aesar) in bleach.  All DNA oligomers studied were obtained as described 
above, and DNA molecule binding to streptavidin was achieved by mixing DNA 
and streptavidin at a 4:1 ratio and incubating at room temperature for 10 min. 
 
6.2.3 Electrical Measurements 
 Current-time (i-t) measurements were performed using a custom built 
high-impedance, low noise amplifier and data acquisition system (Electronic Bio 
Sciences, San Diego CA).  Before use, a GNM was rinsed with ethanol and ultra 
pure water, and finally filled with buffered electrolyte.  The GNM was positioned 
within the EBS DC System via a pipette holder (Dagan Corporation), where the 
back end was sealed to a pressure gauge and 10 mL gas-tight syringe 
(Hamilton).  An Ag/AgCl electrode wire was positioned inside the GNM and a 




GNM.  The same buffered electrolyte used to fill the GNM was added to the EBS 
DC System experimental cell, α−HL was also added to the experimental cell 
(external to the GNM).   Voltage was applied across the GNM orifice, cis vs. trans 
with respect to the α−HL channel, and external vs. internal with respect to the 
GNM, and the resultant current was measured as a function of time. 
Suspended bilayers were generated through painting.  To form a 
suspended bilayer, a plastic pipette tip (gel-loading tips, flat, 1-200 µL, 0.4 mm) 
was filled with lipid solution and gently pulled across the GNM face, over the 
orifice.  The establishment of a bilayer was confirmed by observing a drop in 
conductance as voltage was applied across the GNM orifice; an open pore has a 
resistance of approximately 10 MΩ, while a bilayer suspended across a GNM 
exhibits a resistance of around 100 GΩ.32  After bilayer formation, a pressure 
was applied to the back of the GNM for protein channel reconstitution to occur.32  
Strep-Btn DNA was added to the cell in 100-200 nM increments.  DNA was 
captured and held using an applied voltage of -120 mV (cis vs. trans), and 
released by reversing the bias.  The modified sample of interest was added to 
the experimental cell first, and after an adequate number of blockage events are 
collected, a second control sample, Strep-Btn C40, was added to the cell to 
provide a reference position.  Data were collected with a 10 kHz low pass filter, 







6.2.4 Data Analysis 
Only capture events longer than 1 second were included in data analysis.  
All event current blockage values (I) were normalized by the immediately 
preceding open channel current (Io), and expressed as %I/Io.  The Strep-Btn C40 
%I/Io peak position was set as the reference position 0.  %I/Io for all other 
molecules is reported relative to Strep-Btn C40; more blocking %I/Io values are 
negative relative to Strep-Btn C40 and less blocking %I/Io values are positive 
relative to Strep-Btn C40. 
 
6.3 Results and Discussion 
6.3.1 Oxidative Damage Detection 
Our initial efforts focused on defining the electrical signature of a single 
oxidized guanine lesion suspended within the α-HL channel.  Figure 6.3 shows 
histograms of the percent blockage current when G at position ω14, in a poly-dC 
background, was substituted by OG or by the further oxidation products Sp or Gh 
(guanidinohydantoin).  C40 was used as a reference and current blockage for all 
molecules is reported referenced to the blockage level of C40, which is assigned 
a value of %I/Io = 0; all experiments were reproduced at least once, and peak 
positions relative to C40 are consistent in position (within 0.1%).  In the poly-dC 
sequence context, G is about 1.2% less blocking than C, and OG yields an 
electrical signature nearly identical to G.  The hydantoin products Sp and Gh are 
shifted from G and OG, and display broader histograms possibly due to the 










Figure 6.3.  Current blockage histograms comparing guanine (G), 8-oxo-7,8-
dihydroguanine  (OG), spiroiminodihydantoin (Sp), and guanidinohydantoin (Gh) 
at position ω14 relative to C40.  All oxidation products are within a poly-dC 
background, C39Xω14.  C40 is used as a reference sample; the % I/Io for C40 was 
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conformations that might exist due to poor base stacking of hydantoins compared 
to normal bases. 
 
6.3.2 Oxidative Damage Detection via Adduct Formation 
Although the oxidative lesions OG, Sp, and Gh give current blockage 
signatures significantly different from the native G base, we hypothesized that 
even larger spirocyclic adducts (Sp-X) created by the oxidation of OG in the 
presence of a primary amine (Figure 6.1) would modulate the ion channel current 
to an even larger extent. The amines selected to form adducts were chosen to 
modify the size and geometry of the DNA strand at position ω14. 
Amine adducts introduced at position ω14 within the poly-dC background, 
C39Xω14, included: benzylamine (Bz), lysine (Lys), glucosamine (GlcN), 
spermidine (Spd), spermine (Spm), and Gly-Pro-Arg-Pro amide (GPRP).  Figure 
6.4 shows the structures for the spirocyclic adducts mentioned above and the 
%I/Io histograms relative to C40.  The C39Spdω14 and C39Spmω14 adducts are long, 
linear, and flexible adducts, and both produce multiple, more blocking %I/Io 
peaks compared with C39Gω14, blocking up to 5% and 7% more current, 
respectively; Spm being the larger adduct compared with Spd, produced the 
deepest current blockades.  C39Lysω14 produced multiple current blockage levels, 
with %I/Io peaks spread over a large range, roughly 1-5% more blocking than 
C39Gω14, with a prominent peak on top of C40.  The C39Lysω14 peak that is 
approximately 1% more blocking than C39Gω14, has a similar %I/Io peak position 













Figure 6.4.  %I/Io histograms comparing benzylamine (Bz), lysine (Lys), 
glucosamine (GlcN), spermidine (Spd), spermine (Spm), and Gly-Pro-Arg-Pro 
amide (GPRP) adducts at position ω14 relative to C40.  All adducts are within a 
poly-dC background, C39Xω14.  C40 was used as a reference sample; the %I/Io for 
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been hydrolyzed to Sp.  The bulky spirocyclic adducts produced the most 
variable current blockage signals.   For example, C39Bzω14, C39GlcNω14, and 
C39GPRPω14, all resulted in deeper current blockades compared with C39Gω14, 
and all produced signals with a broad distribution of current blockage levels and 
noise amplitudes.  The various current blockage levels and noise amplitudes are 
thought to be associated with cyclic adducts adopting different conformations 
within the α-HL channel.   
C39Bzω14 and C39GlcNω14 produced an approximately 3 and 4% negative 
shift in %I/Io, respectively, relative to C39Gω14.  The C39GPRPω14 adduct produced 
events with the deepest current blockades, up to 10% compared with C39Gω14, 
but the distribution was very broad and contained a prominent population of 
events with current blockage levels similar to that of C40.  This is interpreted to 
suggest the molecule is not readily entering the sensing regions of the channel, 
resulting in a current blockage signal arising from the surrounding poly-dC 
sequence.  To further test the ability to detect oxidative damage within a natural 
DNA sequence, base modifications were examined within an immobilized 
heterosequence. 
 
6.3.3 Oxidative Damage Detection in a Heterosequece 
The oxidatively damaged species OG, Sp, and Gh, as well as the 
spermine adduct to OG (Spm) were selected for immobilization studies within a 
heterosequence background to determine the extent to which a DNA damage 




the study of primary DNA damage products as well as a simple adduct to OG 
(Spm), all of which produced strong %I/Io peaks rather than a dispersed 
population of blockage currents.  The heterosequence selected for study was a 
portion of the K-ras gene near codon 12 embedded in a poly-dT background 
while maintaining the 40-mer length (Figure 6.5). A poly-dT background is used 
to avoid secondary structures which occur as the poly-dC interacts with the G-
rich K-ras sequence.  Point mutations within codon 12 of the K-ras proto-
oncogene have been shown to cause uncontrolled cell growth and loss of cell 
differentiation, leading to various human adenocarcinomas.36 
Specifically, in lung cancer, the K-ras gene predominantly undergoes a G 
→ T transversion mutation (GGT → GTT) that could result from the failure to 
repair guanine oxidative damage before replication.36,37  Thus, we positioned the 
K-ras sequence within the α-HL channel in such a way that the central G of 
codon 12, or its oxidized derivatives, was located at the ω14 position.  Results for 
detecting the native gene sequence (K-ras-Gω14), oxidation products OG (K-ras-
OGω14), Sp (K-ras-Spω14), and Gh (K-ras-Ghω14), as well as the Spm adduct (K-
ras-Spmω14), are displayed in Figure 6.5.   
When comparing the %I/Io peaks for modifications within the poly-dC 
background against the K-ras sequence, it is apparent that the surrounding 
sequence has a profound influence on the current signature and event population 
distribution.  Specifically, K-ras-Gω14 and K-ras-OGω14 produced %I/Io peaks 
separated by approximately 1% from each other, with the K-ras-Gω14 producing 












Figure 6.5.  %I/Io histograms for G, OG, Sp, Gh, and Spm base modifications at 
position ω14 relative to C40.  All adducts are within a poly-dT background, Btn-K-
ras-Xω14.  C40 was used as a reference sample; the %I/Io for C40 was set equal to 
0, and %I/Io for all other samples was relative to C40.  The %I/Io peak positions 
relative to C40 and among modified DNA molecules have shifted blocking order 
compared with modifications within a homopolymer background, indicating that 
the current blockage level is not only influenced by the modification itself, but 
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in the C40 background, their signatures are quite distinct and show narrower 
distributions in the K-ras sequence.  K-ras-Spω14 resulted in a single, strong %I/Io 
peak, approximately 1.5% more blocking than K-ras-Gω14 and again distinct from 
the OG signal; in the poly-dC background the Sp oxidation product produced a 
dispersed population of current blockage levels yielding multiple %I/Io peaks with 
positions similar to C40, C39Gω14, and C39OGω14.  The K-ras-Ghω14 sample 
produced the greatest change from its C39Ghω14 analog; K-ras-Ghω14 has a single 
%I/Io peak approximately 2% more blocking compared with K-ras-Gω14.  In the 
poly-dC background the Gh oxidation product yielded multiple %I/Io peaks that 
are 0.5-2% less blocking than C39Gω14.  
Although %I/Io peak position, dispersion, and relative amplitude are 
sequence dependent, if the structural modification is large enough, the current 
blockade from the modification will dominate the influence from the surrounding 
sequence.  The spermine adduct now proves to be such a modification as it 
consistently produced a more blocking %I/Io peak shift of around 8% relative to 
the unmodified sequence in both the K-ras and poly-dC backgrounds.  Overall, 
%I/Io peaks appear sharper and less dispersed for oxidation products and 









The immobilization studies presented above are preliminary experiments 
toward translocation studies; it will be necessary to examine the most blocking 
adducts for the ability to readily pass through the constriction of α-HL and 
translocate the pore.  It was previously demonstrated by the Howorka laboratory 
that peptide tags can be used to change the current blockage amplitude and 
event duration of translocating DNA strands,38,39 and by the same principle, 
manipulating the size, geometry, and electrical characteristics of the DNA 
damage site should lead to detection via nanopore translocation. 
These initial studies have shown the power of ion channel recordings for 
the detection of DNA damage and highlighted the ability to detect a single lesion 
within both homo- and hetero-polymer DNA sequences.  We have taken a first 
step toward damage detection through ion channel recording translocation 
experiments.  In addition to being able to detect DNA damage, this work has 
introduced many options for being able to identify the damage as each adduct 
produced a unique current blockage level and/or population distribution and 
noise signature, with a general trend of larger adducts producing the most 
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